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CORRIGENDA 


VOLUME 19, 1934 


Page 605, line 11, for ‘‘F; generation females (249 birds) from the recip- 
rocal cross when backcrossed to males from the early maturity strain 
had a mean maturity age of 217.5+1.54 days” read ‘‘F; generation fe- 
males from the reciprocal cross when backcrossed to males from the early 
maturity strain produced daughters (249 birds) with a mean maturity 
age of 217.5+1.54 days.”’ 


VOLUME 20, 1935 


’ 


Page 96, line 16, for “severaly ears” read “several years.’ 

Page 193, line 4, for ‘“‘Wettstein”’ read “‘Wettsteins.”’ 

Page 260, line 2, for “the right-hand and” read ‘‘the right-hand end.” 

Page 371, line 2, for Lake ‘“‘Okangan” read Lake ‘“‘Okanagan.”’ 

Page 378, Table 1, for ‘‘Length of the hind tibiae in (at 24 1/2°)” read 
“Length of the hind tibiae in M (at 24 1/2°).” 
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KAMETARO TOYAMA 
(FRONTISPIECE) 


KAMETARO TOYAMA was the first of six children of KANZABURO TOYAMA, a 
landowner, in a rural district of Kanagawa-prefecture, not far from Yoko- 
hama, Japan, September 26, 1867, and died in Tokyo, March 31, 1918. 

He learned at the primary school in his native village and then in a private 
school of Chinese classics near his home, and entered Tokyo KoMABA COLLEGE 
OF AGRICULTURE AND Forestry. The college later came to be called the 
AGRICULTURAL COLLEGE OF TOKYO IMPERIAL UNIVERSITY, from which he 
graduated in 1892, and was immediately appointed to an unpaid assistantship 
of the Zoological Laboratory of the college, where he remained four years. In 
April, 1896, he was appointed principal of FUKUSHIMA SERICULTURAL SCHOOL. 
After three years, he returned to his alma mater to resume the student life 
as a post graduate in the university hall. In 1902, he accepted the invitation 
of the Siam Government to be chief sericultural expert in the Department 
of Agriculture, and left his country in February of the same year, and stayed 
at Bangkok for three years. 

After his return to Japan in 1906, he became a lecturer in Zoology, De- 
partment of Agriculture, Tokyo IMPERIAL UNIVERSITY, and was appointed 
Assistant Professor the following year. In 1911, he took the additional post of 
geneticist in the IMPERIAL SERICULTURAL EXPERIMENT STATION at Tokyo. 
From July of 1911 to August of 1913, he was despatched by the Government 
to Europe and visited many universities and institutions over there. 

In March, 1917, he became ill and was under medical treatment for a full 
year, until his death on March 31, 1918. Though he was appointed Professor 
of Sericulture in December, 1917, he had no opportunity to give a lecture as a 
Professor. 

Toyama started his research life with the study of anatomy and cytology 
of the silkworm, and published a paper on the spermatogenesis of the silk- 
worm in 1894, and a paper on the embryology of the same insect in 1902. He 
also wrote, with his co-worker S. IsHiwatA, a book entitled ‘“‘Practical Anatomy 
of the Silkworm” (in Japanese) in 1896. Soon after the rediscovery of MEN- 
DEL’s work, he became especially interested in the heredity of the silkworm, 
and made numerous crossings between various races, especially between 
japanese and Siamese races, and followed the segregation of different char- 
acters. The results obtained were published in an English paper under the 
title of “‘Studies on the hybridology of insects. ]. On some silkworm crosses with 
special reference to Mendel’s law of heredity.’’ He submitted this paper to the 
University as a Doctor thesis, and received the degree of Nogakuhakushi (Doc- 
tor of Agricultural Science) in 1906. Since then, he published many works in 
the field of genetics, among which an elaborate book Sanshuron (Treatise on 
the Silkworm Egg, involving its Genetics) written in Japanese in 1909, and an 
English paper on the maternal inheritance, 1913, may be enumerated. He also 
studied the Japanese morning glory, but the results were not made public 
in a form of scientific paper. His extensive experiments with the goldfish had 
not been completed before his untimely death, and most of them are unpub- 
lished except a few fragmentary writings. The Imperial Academy of Japan 
awarded him the Royal Medal in 1915. 

Toyama’s interest was never limited to the scientific circle, but was ex- 
tended to the practical sericulture. Among others, he earnestly recommended 
the culture of first generation hybrids to silkworm-raisers who used to rear 
exclusively pure indigenous breeds up to his time. The spread of the culture 
of first generation hybrids which took place in a few years from 1911 made an 
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epoch in the history of the development of sericulture in Japan. He was 
awarded a Medal from the Japanese Invention Society twice, 1916 and, post- 
humously, in 1933. 

He married Miss Tame KoGANEI on March 29, 1888, who gave birth to two 
sons and five daughters. His younger brother Kaoru Aokt is Professor of 
Bacteriology in TOHOKU IMPERIAL UNIVERSITY (Faculty of Medicine), Sendai. 
His younger sister Moto ToyAMA was a teacher at FUKAGAWA PRIMARY 
ScHoo., Tokyo, for thirty-five years, and was commended publicly on her 
retirement. 

ToyamMa’s portraits are rather scarce. No painting has been known. The 
photograph used for this frontispiece was taken by one of Professor AoKI’s 
friends, the late Professor A. HAYASHI of Kanazawa Medical College in 
November, 1911, at the age of forty-four, at Strassburg. 
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SEGREGATION OF QUANTITATIVE GENES IN TETRAPLOID 
TOMATO HYBRIDS AS EVIDENCE FOR DOMINANCE 
RELATIONS OF SIZE CHARACTERS? 


E. W. LINDSTROM 
Iowa State College, Ames, Iowa 


Received December 15, 1933 


Doubling the chromosome number in tomatoes is accomplished easily 
and accurately by the callus technique. In this investigation, the fertile 
F, hybrids between the wild tomato species Lycopersicum pimpinellifolium, 
Dunal, and the larger domesticated species L. esculentum were thus made 
tetraploid so that the very same genes could be compared in the diploid 
and tetraploid condition. Such rare 4n F, data are important in the light 
that is thrown on quantitative gene segregation in tetraploids as well as 
on the difficult problem of dominance of size genes in relation to their 
arithmetic or geometric development. 

Empirical evidence and a great mass of experimental data seem to in- 
dicate the existence of striking dominance in the wild tomato species in 
such characters as leaf structure, plant size, pubescence, flower and fruit 
size. The cultivated species apparently possesses the recessive alleles for 
these characters. But since the F, data of the most directly measurable 
character, fruit size, while showing this apparent dominance of small size, 
can nevertheless be interpreted to be due to a geometric effect of the genes 
without dominance, none of these data have been published. The 2n—4n 
comparison, now available, seems to clear the atmosphere in favor of the 
dominance hypothesis. 

MATERIAL AND METHODS 

The experimental material comprised the small-fruited (average fruit 
weight 1.0 gram), viny, non-pubescent, Red Currant variety of the wild 
species L. pimpinellifolium and a larger-fruited (average fruit weight 22 
grams), dwarf, pubescent, oval fruit-shaped, compound-cluster, pedigreed 
strain of the cultivated species, L. esculentum. The former strain had been 
inbred for eleven generations. Recently it has been grown alongside a 
wild species directly from Peru and was identical except for a slightly re- 
duced vegetative vigor. 

While the two species have the same chromosome number, twelve pairs, 
the average size of the chromosomes in the domestic form is thirty percent 
larger than that of the wild species, as measured at metaphase (LINDSTROM 
and Humpurey 1933). There is a small amount of gametic sterility in the 
hybrids, but both F, and F, plants are very fruitful. 


1 Journal paper No. J141 of the Iowa AGRICULTURAL EXPERIMENT STATION, Ames, Iowa. 
Project No. 249. 
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Young diploid F; seedlings of this species cross were decapitated and 
the cut stems covered with petrolatum, thus inducing a healthy callus 
formation. Some eight percent of the sprouts arising from the callus proved 
to be tetraploid. Seedlings from these 4n F, hybrids were planted in the 
field in alternate plots with the diploid plants from the same F, mother 
plants. 

This tetraploid F, species hybrid is the most fertile of any known tomato 
tetraploid and the fertility persists in the F, generation (Linpstrom and 
HumpureEY 1933). This seems to be due to the unusually strong tendency 
for bivalent chromosome association at diakinesis in this tetraploid. 

Ten mature fruits from each of 120 diploid and 179 tetraploid F; plants 
were measured and weighed. Caliper measurements of polar (stem-blossom 
end) and equatorial diameters were taken, from which a fruit-shape index 
was derived by dividing the equatorial by the polar diameter. Standard 
errors, not probable errors, are used throughout. 


EXPERIMENTAL DATA 


Fruit size is to be discussed in terms of fruit weight in grams. A summary 
of the 2n and 4n results of the F2 of the species cross is recorded in table 
1 and the curves are plotted in figure 1. Of 180 tetraploid F, plants only 
one was completely sterile, all the others having at least ten fruits, but 
7.2 percent of the plants were noted as partially sterile. 

When plotted on an arithmetic basis, the diploid F, generation exhibits 
the characteristic, positive skewness (g:= +.85+.22)? of most tomato 
hybrids involving fruit size, a skewness which is the more exaggerated 
when one parent is very small-fruited. In contrast the tetraploid F; 
distribution, containing exactly the same genes, but doubled, is prac- 
tically normal (gi= +.01+.18). 

The diploid F; mean and standard deviation are both larger than those 
of the tetraploid and these differences are highly significant statistically, 
being over four times greater than the standard error of the differences. 
It is important to note that the mode is identical in both F; distributions. 

The larger variance and mean of the 2n F; generation may be attributed 
to the emergence of a higher percentage of recessive genotypes for larger 
fruit size than is possible in the 4n F, generation. Studies of qualitative 
characters in tomato tetraploids have demonstrated that some degree of 
chromatid segregation takes place, the degree depending on the distance 


2 As a measure of skewness, FISHER’S (1932, 4th edition) k-statistics have been used, in which 


k 
g: is calculated from the third powers E = : — 
Z 





| . When g is zero, the distribution is not skewed. 


For completeness, the fourth degree g2 statistic is also included as a measure of departure from 
normality in the peakedness of the curve. 
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of the genes from the spindle attachment (SANsoME 1933, LINDSTROM 
and Humpurey 1933). With maximum chromatid segregation in any one 
tetrasome, giving a 3AA+8Aa+3aa gametic ratio, only 4.6 percent pure 
recessives emerge in F2, as follows: 


AAAA— 4.6 
AA Aa—24.5 
AAaa—41.8 
Aaaa—24.5 
aaaa— 4.6 


Ordinarily less than 4.6 percent such quadruple recessives are expected, 
the lower limit on the basis of random assortment of four chromosomes 
being 2.8 percent (a 35:1 F; ratio). 


TABLE 1 


Fruit-weight data of F, and F2 tomato species cross, diploid and tetraploid. 








DEPARTURE FROM NORMALITY 








MEAN STANDARD c.Vv. NUMBER 
SKEWNESS 
GRAMS DEVIATION PERCENT gi g: PLANTS 
Arithmetic classes 

F,;—diploid 4.58+0.18 0.55+0.12 10 
F,—tetraploid* 3.90+0.11 0.23+0.08 5 
F.—diploid 4.63+0.15 1.69+0.11 36.5 .85+ .22 .55+ .44 120 
F,.—tetraploid 3.88+0.08 1.14+0.06 29.4 .01+.18 —.40+.36 (179 


F.—differences 0.75+0.18 0.55+0.12 


Logarithmic classes 
F,—diploid —.15+.22 —.09+.44 120 
F,—tetraploid —.65+.18 —.11+.36 179 





Standard errors used. 
* Grown in greenhouse and not in field as the others. 


Accordingly one would expect fewer recessive combinations in a tetra- 
ploid than in a diploid. If these recessives were genes for the larger fruit 
size, the 4n F, mean size would be less than that of the 2n, and the variance 
also less, as is found experimentally. Without this dominance for small 
size the 4n fruits, dependent upon an extra number of genes, would per- 
haps be expected to be larger unless some counter influence was acting. 

The smaller mean F; fruit size (weight) of the tetraploid in comparison 
with the diploid involving identical genes is, of course, in direct contrast 
with the condition in other parts of the plant. The seeds, leaves, stalk and 
flowers of the tetraploid are larger than those of the diploid. The same 
is true of the micromorphological characters of pollen, cell and nuclear 
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sizes (LINDSTROM and HumpHREY 1933). The diploid, however, possesses 
a slightly faster growth rate in height. 

Measurements of the F; diploid and tetraploid fruits were not made 
under similar enough conditions to warrant comparisons, the few 4n F; 
plants (from decapitation-callus sprouts) having been grown in the green- 
house, whereas the 2n F, plants from seed were grown in the field. 

Size of tetraploid fruits is affected to some extent by the reduced seed 
development due to gametic sterility. Although the 4n seeds are fully 30 
percent larger than those of a comparable diploid, the seed set must be 
classed as only 50 percent normal in F, (Linpstrom and Humpsrey 1933) 
and slightly less in Fs. 
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FRUIT WEIGHT IN GRAMS (Arithmetic Classes) 


Ficure 1.—F; fruit weight distributions of diploid and tetraploid species cross of tomatoes. 


A similar reduction in 4n fruit size has been reported earlier (LINDSTROM 
and Koos 1931) in the tetraploid from the haploid L. esculentum form. 
Doubling the haploid and then, in turn, the diploid, gave an absolutely 
homozygous tetraploid which proved to be the most sterile of all tomato 
tetraploids. Its fruit size was fully 25 percent smaller than that of the 
diploid. This surprising reduction in size was attributed to the very poor 
seed development, less than 10 percent of the seeds maturing. It must 
be noted, however, that there was not a direct correlation between the 
number of seeds and fruit size. Many of these fruits had only 1-2 seeds 
while a few had 10-20, and yet the fruit size appeared not to be greatly 
different. Evidently another agent than seed number is partly responsible 
for fruit size. 
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Returning to the species cross, the fruit-size condition in the F2 gen- 
/ erations, 2n and 4n, brings in another complication, that of segregation. 
Here the smaller 4n mean fruit size is believed to be at least partly caused 
by the lower proportion of recessive, large fruit types because the modes 
of the 2n and 4n F; distributions are identical (figure 1). Were the reduced 


| size of the tetraploid fruits due entirely to a lessened number of seeds, it 
‘ seems reasonable to expect the modal class to be likewise reduced. 
| While dominance of small fruit size would thus seem to explain the 


larger mean and variance of the diploid Fs, as well as the skewness, the 
problem is not so simple. The skewness of the 2n F, generation can also 
be interpreted as the result of some form of a geometric or logarithmic 
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FRUIT WEIGHT IN GRAMS (Log. Classes - 0.1 interval) 


Ficure 2.—F, logarithmic fruit weights of diploid and tetraploid species cross of tomatoes. 


action of the fruit size genes, an interpretation that is reasonable, since 
size is a tri-dimensional character. 

In figure 2, these same F, data have been thrown into a logarithmic 
form, where the skewness of the 2n material is seen to be conspicuously 
absent. If fruit size differences are due to a purely physical, geometric 
development of the fruit, one might expect the growth of the 2n and 4n 
fruits to be similarly affected, so that the two curves would exhibit the 
same general shape. Such is not the case for, while the 2n data approach 
very closely a normal, non-skewed distribution when plotted logarithmi- 
cally (g: skewness = —0.15+0.22), the 4n data do not, being significantly 
skewed in the negative direction (gi skewness = —0.65 +0.18). 

Accordingly, a purely geometric interaction of the genes without domi- 
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nance seems less logical than an additive action coupled with some degree 
of dominance of small size. Since, however, both the 2n F,; and F; mean 
fruit sizes approximate the geometric mean (4.69 grams) it is possible that 
both partial dominance of small fruit size and some degree of geometric 
action are operating, depending upon the kind of genes involved. Inas- 
much as these size genes are numerous (the parental sizes are not recovered 
in F,) it is very likely that there are many types of genes with many kinds 
of interactions. 

Returning to a consideration of the arithmetic plotting in figure 1, 
one might wonder why the 4n curve is really not more skewed than the 
diploid if dominance is at play, there being such a higher percentage of 
genotypes with dominant genes in the tetrasomic, trisomic, disomic and 
monosomic conditions. The answer seems to lie in the interaction among 
the dominant genes themselves within any tetrasomic set. Experience with 
qualitative genes in tetraploid tomatoes, using such characters as dwarf- 
ness, pubescence, flower cluster types and fruit colors, shows that there 
is a cumulative effect within the gene sets. The experienced eye can differ- 
entiate the AA Aa, AAaa and the Aaaa forms (SANSOME 1933). However, 
there is a much sharper break between the Aaaa and aaaa genotypes. 
Evidently there is a cumulative or additive interaction of the dominants 
within each tetrasomic set which may account for the nearly normal form 
of the bulk of the 4n curve. 

Similar results were found by a study of the fruit shape data for the 
same 2n and 4n F, generations. These appear in table 2. 


TABLE 2 
Diploid and tetraploid F2 distributions of fruit shape. 











SHAPE INDEX 2n 4n 
.60 4 
.65 5 
.70 3 1 
me 10 1 
.80 19 0 
.85 10 9 
.90 13 10 
.95 29 41 
1.00 18 69 
1.05 7 43 
1.10 0 5 
2.95 2 
Total 120 179 
Mean .882+ .011 .987 + .005 
Standard Deviation .121+ .008 .062 + .003 


C. V. (percent) 13.7 6.3 
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Again the diploid plants exhibit the larger standard deviation. Their 
coefficient of variability is twice that of the 4n F, generation. This is 
indicative of the emergence of a higher percentage of a recessive oval 
(smaller shape index) type. There is abundant, published evidence to 
prove the general recessive nature of oval or ovate fruit shape, and the 
location of a major, recessive, oval shape gene in the first linkage group 
of the tomato (Linpstrom 1926, 1927, 1928; MacArTHuR 1926, 1928). 

There is some indication of this major shape gene in the bimodality of 
the 2n distribution in table 2, although the sharpness of the segregation is 
not as clear in this species cross as it is when more oblate forms are hybrid- 
ized with the oval types (Linpstrom 1927). There is a slight suggestion 
of a similar emergence of the oval forms in the 4n data, but, of course, to 
a much smaller extent. 

Tomato fruit size and shape are associated in some degree. Simple 
correlation coefficients for F, fruit weights and shapes have been calculated 
despite the non-linear nature of the 2n material. Since only general re- 
lations are to be considered, and since non-linearity provides a minimum 
correlation coefficient, the following size-shape coefficients are recorded: 


2n r= —.202+.058 
4n r=+.124+4+.057 


In the 2n material large fruit size is partially correlated with oval shape 
(or small size with round or oblate shape). The negative coefficient is 
merely the result of the method of computing the shape indices. In view 
of many other similar correlations (Linpstrom 1927), this r of —.202, 
which is over thrice its standard error, may be considered as statistically 
significant. 

There is much evidence that the cause for this size-shape correlation 
is genetic and not basically morphological, since reversed crosses (between 
large-fruited, oblate Xsmall-fruited, oval varieties) give significant posi- 
tive correlations (LinDstrom 1927). The situation has been explained by 
the presence of a major shape gene and a major fruit size gene on the same 
chromosome. There is evidence for the major size gene in this species cross 
but it plays a relatively smaller part here. 

The absence of a similar negative correlation in the tetraploid F, mate- 
rial is very likely due to the very small percentage of the recessive oval, 
heavier fruits. 

In order to test the hypothesis of partial dominance of genes for small 
fruit size in the tomato even when the major gene for oval fruit shape is 
not involved, data from another species cross are assembled in table 3 
and in figure 3. One parent was the same Red Currant variety of the wild 
species (mean fruit weight =1 gram, shape index=1.00) and the other 
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parent a pedigreed, dwarf, peach, oblate-fruited strain of L. esculentum 
(mean fruit weight = 61 grams, shape index = 1.27). 

The F, generation of 10 plants had a mean weight of 6.9 grams, where 
the geometric mean expected would be 7.8 grams. There is, in figure 3, 
the same pronounced positive skewness (g:=1.59+0.17) of the F. fruit 
weight distribution of 198 plants when plotted arithmetically which largely 
disappears in the logarithmic curve (g: skewness = +0.32 0.17). 

As the data stand they may be interpreted equally as well on a geometric 
action of size genes without dominance as on an arithmetic interaction 


















































70 
60 — 
50}+—— 
> 
¢) 
Zz 40}—— 
ul 
= 
fe 
ro) 
uw 
zo }—— 
10 -— = 
F ~—— 4 
Arithmetic 1.5 35 5.5 7.5 95° ILS 135 155 175 19.5+ 
Logarithmetic 2.6- 32- 4.0- S5I- 64- 80- 100- 126- 15.9- 200 
2.5 3.1 39 5.0 63 7.9 29 «#6125 «415.8 199 


FiGuRE 3.—Comparison of arithmetic and logarithmic F, fruit weights of 
species cross Red Currant X Dwarf Peach. 


with partial dominance. On the basis of the preceding experiments with 
tetraploids, it is believed that an arithmetic or additive action of size genes 
with some degree of dominance is the more reasonable hypothesis. A 
modified or reduced geometric action is not impossible, however. 

In the F; generations of figure 3, as well as those in figure 1, it may be 
noted that the larger parental fruit size, particularly, was not recovered 
nor even closely approached. Presumably large numbers of size genes are 
operating in such species crosses. 

Aside from the evidence based on fruit size, a general argument for the 
dominance hypothesis in tomato inheritance is that all visible characters 
of the wild species are strikingly evident in the F, hybrids and in the great 
majority of the F, plants. It is difficult to conceive that all such characters 
as plant type, leaf type, pubescence, flower and fruit size are governed by 
a geometric action of the genes concerned without dominance. 
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QUANTITATIVE GENES IN TOMATO HYBRIDS 


DISCUSSION 


Action and interaction of genes for quantitative hereditary characters 
constitute one of the most critical and least understood of the problems 
of modern genetics. Whether such genes operate in general with or without 
dominance, in an additive or multiplicative (geometric or logarithmic) 
fashion and whether they exhibit the phenomena of epistasty, hypostasy, 
supplementary or complementary action as do the better known qualita- 
tive genes, all these questions are quite unanswered. There is little to be 
gained by affirming that, like qualitative genes, they must have all kinds 
of effects and interactions. For example, it does not help matters by assum- 
ing dominance as a necessity in explaining the numerous facts of heterosis 
and prepotency, and then conveniently discarding dominance for most 


TABLE 3 
Fruil-weight data in grams of the species cross, Red Currant Dwarf Peach. 








DEPARTURE FROM NORMALITY 





MEAN STANDARD c.v. NUMBER 
GRAMS DEVIATION PERCENT — of gs PLANTS 
Arithmetic classes 
P,;—Red Currant 1.0 10 
P,;—Dwarf Peach 60.9 10 
F; 6.9 10 
F, 6.87+0.23 3.27+0.16 47.6 1.584.17 3.35+.34 198 
Logarithmic classes 
F; .32+.17 —.08+.34 198 





other forms of quantitative inheritance. Recently FisHer (1933) and 
Rasmusson (1933) have called attention to such inconsistencies in ortho- 
dox genetical philosophy, and, have suggested possibilities for analyzing 
data and planning experiments to ‘solve this most important problem. 
The present 2n—4n comparison of F2 fryit-size inheritance affords still 
another approach to the subject. 

The outstanding fact of fruit-size inheritance in the tomato is the very 
pronounced skewness of the F, data in the direction of small size. While 
F, plants show vegetative hybrid vigor, the fruits themselves are smaller 
than the parental average. 

Small fruit size in F; and F; tomato hybrids may be explained either 
as the result of partial dominance of small size or of a geometric develop- 
ment of the genes. A priori one might very well expect a geometric effect 
of genes for a three-dimensional fruit where a certain increment in either 
dimension would have less effect on a small fruit than on a larger one. 
DALE (1929) has utilized the logarithmic concept to interpret his pepper 
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fruit experiments, and ZELENy (1920) has done the same for facet num- 
bers of Drosophila eyes. 

The present tomato data fit a logarithmic action without dominance in 
the diploid material but not in the tetraploid data involving the very 
same genes. This critical difference can be reconciled by assuming a partial 
dominance of the genes for small fruit size with an additive action of such 
genes. If there be some multiplicative action of gene development, it 
may be so slight or so balanced by plus and minus effects that the skew- 
ness remaining can be attributed to dominance. 

Partial dominance of small size also accounts for the greater variance 
and the larger mean fruit size of the diploid F; compared with the tetra- 
ploid F, generation. The tetraploid fruits are smaller than the diploid 
despite the greater plant vigor of the former. 

Dominance of genes for small size is an attractive hypothesis in view 
of the recent theories of FIsHER (1930) and VAvitov (1927, 1931). The 
greatest skewness (positive) or dominance of small fruit size in the tomato 
is found in the cross of the small-fruited wild by the domestic species. 
On FIsHER’s hypothesis the wild species has evolved by the accumulation 
of dominant genes. Whether small fruit size in the wild has the greater 
survival value is hypothetical but conceivable. Small fruits may have some 
advantage for seed dispersal by birds, for physiological reasons of less 
energy being required per seed, and for pathological reasons in the lessened 
danger of fruit rotting. 

According to VAvILov, domestication is often the result of a selection 
of recessive genes. On this basis, the large-fruited domestic tomato varieties 
may be explained by the artificial selection of the recessive genes for the 
larger fruit size. 

In concluding, the writer does not mean to imply that geometric action 
of genes for quantitative characters is not an important aspect. On the 
contrary, such action is to be expected. But he does wish to point out that 
genes for quantitative characters are undoubtedly similar in behavior to 
qualitative genes. Since the latter exhibit dominance almost universally, 
the same is true of the former; and the mere fact that quantitative character 
data seem to fit a logarithmic curve does not necessarily rule out domi- 
nance. 


SUMMARY 


A comparison of diploid and tetraploid F, generations of tomato species 
crosses, involving exactly the same fruit-size and fruit-shape genes, in 
which the 2n distribution exhibited the larger mean and standard devia- 
tion and a more pronounced positive skewness, is interpreted to favor the 
hypothesis of partial dominance with additive action of the size genes, 
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and not a geometric action without dominance. Some degree of geometric 
action of the size genes is nevertheless possible. 

Quantitative genes for fruit size and shape in a tetraploid condition 
appear to behave like qualitative genes, the differences between diploid 
and tetraploid segregations being traceable to chromatid segregation in 
the tetraploid, giving a much smaller emergence of the recessive geno- 
types. 

The dominance of genes in the wild tomato species of this report is in 
keeping with the theory that domestication is the product of selection and 
development of recessive variations. 
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The increasing significance for genetics of the problems involved in 
growth, development, and differentiation has stimulated inquiry into the 
genetic basis of these processes. There is every reason to believe that size 
characters are amenable to genetic analysis, though the method of opera- 
tion of the genes controlling them is by no means understood. Certain 
quantitative traits, such as total bulk or weight, lend themselves readily 
to the orthodox multiple-factor interpretation and may well be determined 
by genes affecting the various physiological processes concerned in growth. 
The case is by no means so clear for less generalized size traits such as the 
particular dimensions of a body or organ. Naturally these will be somewhat 
related to general size, but even in structures of the samé volume there 
may be marked differences in individual dimensions. The question arises 
as to whether there are genes which control growth in particular directions 
or dimensions independently, with shape appearing as an incidental result 
of their combination, or whether genes with quite a different effect are 
concerned here which, through a control of growth correlation, govern 
shape directly. 

The inheritance of dimensions has frequently been subjected to Men- 
delian analysis. The work of Emerson and East (1913) on the length 
and diameter of maize ears; of KEEBLE and PELLEW (1910) on internode 
length and stem diameter in peas; of FREEMAN (1919) on plant height 
and leaf width in wheat; of Tavéar(1925) on seed dimensions in Phaseolus; 
of Date (1929) on fruit length in Capsicum, and of Wriepr (1931) on 
beak length and leg length in pigeons come to mind as illustrations. Some- 
times the existence of dimensional genes has been implied rather than 
directly postulated but in certain cases, such as the recent work of SrrKs 
(1932) on the inheritance of leaf traits in Vicia, genes for definite quanti- 
tative increments in length and width are assumed to be operative. 

It is certainly conceivable, from what we know of the existence of specific 
gradients along various axes of the developing organ or organism, that 
genes controlling these gradients, and the resulting dimensions, may 
actually exist. If there are such genes, organic shapes must evidently be 
the results of interactions between them. If, on the contrary, there are 
genes directly controlling shapes or patterns, then any particular dimen- 
sion will not be determined by specific “dimensional” genes but will, 
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instead, be the resultant of an interaction between genes for shape and 
genes which control the total volume or bulk of growth. No persistent 
attempt has been made to determine, in a given case, which of these 
alternatives is the correct one. Evidently one of the major problems in the 
relation of genetics tc development is here involved. 

The data which the author has gathered over a number of years on the 
heredity of fruit characters in Cucurbila pepo provide excellent material 
for such a study. Pure lines of this species differing markedly in the size 
and shape of their fruits have been crossed and the behavior of these 
traits investigated in more than 200 progenies. A study of this material 
has resulted in the establishment of five distinct lines of evidence support- 
ing the hypothesis that genes are here operative which control shape 
directly and which are independent of others governing quantitative 
characters of volume or weight. These are as follows: (1) the fact that a 
simple, clearly segregating fruit-shape difference is inherited independent- 
ly of fruit size; (2) the fact that there is rarely or never a significant corre- 
lation between fruit-size (weight) and fruit-shape index in the F2; (3) the 
fact that shape indices segregate much more sharply than do dimensional 
traits; (4) the fact that there is a positive correlation between fruit length 
and width in pure lines and F; progenies and a negative correlation between 
these traits in the resulting F; progenies; and (5) the fact that the variabil- 
ity of length is twice as great as that of width in the F, generations from 
crosses between lines which differ appreciably in fruit-shape index, al- 
though length and width are essentially equal in their variability in both 
pure lines and F; progenies. 


INDEPENDENT INHERITANCE OF SHAPE AND SIZE 


The author has previously shown (1927) that in this species there are a 
number of fruit-shape differences which seem to be due to a single pair of 
genes, since they display simple monofactorial segregation in the F2. These 
differences often occur between pure lines which are also markedly different 
in fruit size (weight). In such cases, segregation for shape is independent 
of size, the latter behaving in typical multiple-factor fashion (1931). The 
simplest shape difference is between a line in which the fruits are essentially 
isodiametric (“spheres”) and one in which the equatorial diameter is 
much greater than the polar one (‘‘disks”). The latter type is completely 
dominant and the F, shows a sharp segregation into ? disks and } spheres. 
A typical spherical line with a mean weight of 702 grams was crossed with 
a disk line weighing 1305 grams. The F,, displaying heterosis, weighed some- 
what more than the heavier parent. The F, had a mean weight almost 
exactly intermediate between those of the two parental types, and a 
variability in weight markedly higher than that of the F,. The significant 
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fact, however, is that the segregating sphere and disk plants in the Fy, 
were almost identical in fruit weight, 1025 grams for the former and 1035 
for the latter. Thus the spheres were about 300 grams heavier than the 
parental spheres and the disks about 300 grams lighter than the parental 
disks, differences which persisted in later generations. Evidently the single 
gene which presumably determines this shape difference is not dependent 
in any way upon the particular size of the fruit in which it expresses 
itself. 


ABSENCE OF CORRELATION BETWEEN SHAPE AND WEIGHT IN Fe 


If fruit shape is dependent in any way upon fruit size, there should 
evidently be a correlation between shape and weight in the F». In a series 
of F; progenies from crosses between lines differing in both shape and 
weight, the coefficient of correlation was determined between fruit weight 
and fruit shape index. The results for 37 such progenies are presented in 
table 1. Most of these correlations are very small and few or none of them 


TABLE 1 


Coefficients of correlation between fruit-shape index and fruit weight in various F2 pedigrees.* 








is NUMBER OF CORRELATION rh NUMBER OF CORRELATION 
INDIVIDUALS COEFFICIENT INDIVIDUALS COEFrICIENT 
1-23 392 — .04+ .06 13-27 102 —.21+ .10 
1-27 95 — .20+ .10 19-27 57 + .02+ .13 
17-27 44 + .07+ .15 21-27 83 — 13+ .i1 
18-27 58 — .04+ .13 6-28 48 — 01+ .15 
25-27 60 +.17+ .13 7-28 29 + .11+ .18 
26-27 38 +.18+ .16 11-28 50 + .30+ .13 
30-27 54 +.03+ .14 16-28 59 — 36+ il 
31-27 52 — .01+.14 17-28 47 +.16+.14 
33-27 114 — .27+ .09 
12-28 57 — .03+ .13 3-27 Ad — .06+ .15 
33-28 50 +.19+ .14 6-27 39 — .09+ .16 
11-27 35 —.10+.17 
3-23 430 — .05+ .05 14-27 45 +.05+ .15 
4-23 200 + .08+ .07 32-27 66 +.06+.12 
5-23 387 — .19+ .05 13-28 48 +.31+ .13 
6-23 236 +.16+ .06 24-28 57 — .23+.13 
7-23 239 +.10+ .06 29-28 54 —.07+.14 
8-23 535 +.17+ .04 39-28 31 +.10+ .18 
9-23 303 — 194.06 40-28 44 +.02+.15 
10-27 58 + .01+ .13 





* A positive sign indicates that increased weight is associated with increased flattening of 
the fruit shape; a negative sign, with a decreased flattening. In the first group of pedigrees (11), 
the heavier pure-line parent was the flatter; in the second group (16), the heavier was the more 
elongate; and in the third (10) the parents were not significantly different in weight, though they 
were in shape. 

Standard errors are used throughout. 
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are significant. This is essentially the same type of evidence as was pre- 
sented in the previous section, but in these pedigrees sharp segregation 
of shape is usually absent and Mendelian analysis difficult. Regardless of 
the complexity of the genetic basis for shape, however, it seems to be in- 
dependent of that for size. 

It is, of course, tonceivable that genes affecting shape and others affect- 
ing weight may be present in the same chromosome and thus display 
genetic linkage with each other. Indeed, Linpstrom (1932) has reported 
an instance of this sort in Lycopersicum. There is evidently little or none 
of such linkage in the material here investigated, since the particular com- 
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Ficure 1. 


binations of weight and shape which distinguish the parents are no more 
common than others in the F, progenies (table 1). 


SHARPER SEGREGATION FOR SHAPE INDEX THAN FOR DIMENSIONS 


That in such an F; pedigree as the one described previously there is a 
single “‘shape” gene rather than a series of “dimensional” ones is further 
indicated by comparing the segregation of shape index (the longer dimen- 
sion divided by the shorter) with those for length and for width of fruit. 
In figure 1, the F, of a disk-sphere cross is plotted for these three char- 
acters, and it is obvious that shape index segregates far more sharply than 
either of the dimensions. Length, to be sure, shows a clear bimodality 
but is not separated into two classes. The curve for width is essentially a 
smooth one. On a hypothesis of ‘‘dimensional”’ genes we should be forced 
to assume that length is governed by a single pair of genes but width by 
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a series of multiple ones. Evidently the facts are to be explained most 
simply by assuming a single gene controlling shape directly, and which 
acts on fruits of widely varying sizes. The particular dimensions result 
here from the manner in which the total bulk of the fruit (presumably 
dependent on a series of general size factors) is molded by this single gene 
governing shape. 

A similar result is obtained in the somewhat more complex F; resulting 
from the cross of two types of spheres, in which a ratio of 9/16 disks: 
6/16 spheres : 1/16 elongates appears. This segregation is clearly evident 
in shape index but would hardly be guessed from length and is quite absent 
in width (figure 2). 


SHAPE 





LENGTH 


FIGUER 2. 








NEGATIVE CORRELATION BETWEEN LENGTH AND WIDTH IN F2 

Further evidence that genes determining shape rather than dimensions 
are here operative is provided by the marked reversal in the relation be- 
tween length and width which is manifest in the F, as compared with pure 
lines and the F;. In both the latter there is, as might be expected, a positive 
correlation between length and width (table 2). Shape being essentially 
constant here, quantitative differences (due presumably to environmental 
causes only) involve all dimensions proportionally. If independent genes 
controlling dimensions exist, we should expect to find in the F; no correla- 
tion between length and width, or at most a small positive one. On the 
contrary, whenever the original parents differ at all markedly in shape 
index, there is a strong negative F, correlation. This necessarily follows if 
fruit size (volume or weight) is constant (or is independent of shape), 
for in that case the longer a fruit is, the narrower it must necessarily be, 
and vice versa. Segregating genes for shape, molding into various patterns 
a mass of material the total bulk of which is determined by other factors, 
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will explain this reversal of sign in the coefficients of correlation, which is 
inexplicable on a dimensional-factor hypothesis. 


TABLE 2 


Coefficients of correlation between fruit length and fruit width in six representative pure lines, and in 
the F; and F: progenies of fifteen crosses between pure lines differing in fruit shape. 

















PURE LINE as cama i = ies 86S 
103 156 +.57+ .04 438 83 +.55+.0. 
125 84 +.73+.05 G 136 +.56+ .0 
391 193 +.54+ .05 M 105 + .91+ * 

F, F. 
1-21 72 +.48+ .10 1-22 220 — .44+ .06 
2-21 39 +.52+.12 2-22 231 — .37+ .06 
1-22 32 +.41+.15 1-23 392 — .32+.05 
3-22 118 + .62+ .05 3-23 430 — .41+ .04 
4-22 93 +.61+ .07 4-23 200 —.71+.04 
6-22 23 +.25+.11 6-23 236 —.12+.06 
7-22 55 + .39+ .12 7-23 239 — .45+ .05 
8-22 90 +.26+.10 8-23 535 — .33+ .04 
9-22 42 +.13+4.15 9-23 303 —.19+.05 
3-23 14 +.58+ .18 3-24 290 — .40+ .05 

17-23 30 + .53+4 .13 17-24 275 —.47+.05 

19-23 14 + .30+.24 19-24 364 — .43+.05 

20-23 32 + .32+.16 20-24 273 — .36+ .05 

23-23 32 +.59+ .12 23-24 135 — .22+ .07 

25-23 16 +.72+.12 25-24 302 — .30+.05 


| 
+ 





The correlation coefficients of the F; pedigrees tend to be somewhat 
smaller than those for the pure lines, indicating that the parents were 
not always completely homozygous and that a certain amount of segrega- 
tion is sometimes occurring even in the F;. In every case, however, there 
is a significant difference between the values for the F, and those for the F». 

It may be suggested that linkage between dimensional genes might 
account for these facts. In this case, however, crossovers should occur. In 
the F, from a cross of a long, narrow squash with a short, wide one, for 
example, short, narrow fruits and long, wide ones should be found. It is 
significant that such extreme types seem never to appear. They would 
obviously increase the variability in size greatly, but in crosses between 
lines differing in shape but not in weight, the latter shows little increase in 
variability in size in Fs». 


VARIABILITY IN LENGTH DOUBLE THAT OF WIDTH IN Fe 


Not only does there appear a radical change in the character of the 
correlation between length and width in the F, from a cross of types differ- 
ing in fruit shape, but an equally significant change in the relative varia- 
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bility of these two dimensions. In the various pure lines and in the F, 
there is no consistent difference between the variability of length and that 
of width (table 3). In the F, progenies, however, from crosses of types 


TABLE 3 
Coefficients of variability for fruit length and fruit width in six representative pure lines, and in the F, 
and Fy, progenies of twenty-one crosses between lines differing in fruit shape. 








PURE NO. OF c.vV OF c.v. OF PURE NO. OF c.V. OF c.V. OF 
LINE IND. LENGTH WIDTH LINE IND. LENGTH WIDTH 
103 156 12.4+0.7 10.0+0.6 438 83 20.3+1.6 20.0+1.6 
125 84 8.6+0.7 8.8+0.7 c 136 14.6+0.9 12.9+0.8 
391 198 13.2+0.7 18.2+0.9 M 105 16.6+1.2 if 6213.2 
Fy F, 
1-21 72 3.041.1 14.241.2 1-22 220 35.741.7 16.6+0.8 
2-21 39 12.0+1.4 12.44+1.4 2-22 231 27.541.3 14.7+0.7 
1-22 32 11.1+1.4 8.8+1.1 1-23 392 34.24+1.2 17.9+0.7 
3-22 118 13.5+0.8 11.4+0.8 3-23 430 36.0+1.2 19.7+0.7 
4-22 93 12.3+0.9 10.6+0.8 4-23 200 44.44+2.2 24.64+1.2 
5-22 59 9.6+0.8 11.0+1.0 5-23 387 30.2+1.1 14.340.5 
6-22 23 $021.2 14.522.2 6-23 236 34.041.6 15.8+0.7 
7-22 55 8.5+0.8 10.6+1.0 7-23 239 36.841.7  15.5+0.7 
8-22 90 8.2+0.6 6.6+0.5 8-23 535 31.941.0 14.9+0.5 
9-22 42 7.5+0.8 7.2+0.8 9-23 303 34.84+1.4 15.8+0.6 
3-23 14 11.442. 6.0+1.1 3-24 290 34.941.5 16.6+0.7 
14-23 31 14.0+1.8 7.4+0.9 14-24 158 30.441.7 14.5+0.8 
15-23 30 10.8+1.4 10.34+1.3 15-24 248 44.24+2.0 22.84+1.0 
16-23 31 CY je =p 6.9+0.9 16-24 150 35.642.1 22.841.3 
17-23 30 6.6+0.9 7.3+0.9 17-24 275 31.241.3 18.5+0.8 
19-23 14 7821.5 8.2+1.6 19-24 364 35.141.3 18.6+40.7 
20-23 32 8.44+1.1 9.5413.2 20-24 273 34.341.5 16.8+0.7 
23-23 32 P.3+4.2 7.421.6 23-24 135 29.0+1.8 14.0+0.9 
25-23 16 41.342.0 9.9+1.8 25-24 302 37.5+1.5 19.4+0.8 
3-24 47 7.6+0.8 8.0+0.8 3-25 157 50.742.9 19.4+1.1 
9-27 21 8.7+1.4 9.1+1.4 9-28 220 33.2+1.6 16.0+0.8 





differing at all widely in fruit shape the coefficient of variability for length 
is approximately twice as large as that for width (table 3); the average 
value of the former, for the 21 pedigrees listed, being 35.3 percent as com- 
pared with 17.6 percent for the latter. This relationship must necessarily 
follow if there are genes for shape which are independent of those for total 
volume. The volume of a radially symmetrical structure like the squash 
fruit is essentially length multiplied by the square of width, where length 
is the axis of symmetry (polar diameter) and width the diameter at right 
angles to this (equatorial diameter). Since width thus enters twice into 
the determination of volume (v =/w?), it is evident that if volume is con- 
stant but shape (the ratio of length to width) is varying, a given change 
in width will produce a change (opposite in sign) in length which is pro- 
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portionally twice as great. This would cause the variability of length to 
be twice that of width. Such a difference, which is actually found to exist, 
is inexplicable on a hypothesis of dimensional factors and provides con- 
vincing evidence for the existence of genes governing shape independent 
of those for volume. 

It is noteworthy that in F, pedigrees from crosses between lines of 
essentially the same fruit shape and showing no shape segregation, this 
difference in variability does not occur, even though the lines differ mate- 
rially in fruit size. 


DISCUSSION 


These five groups of facts are mutually consistent in that they all neces- 
sarily follow if size and shape are independent in their inheritance. They 
provide evidence that there is a definite genetic basis for traits of shape 
and pattern, presumably consisting of a series of ‘‘shape’’ genes which are 
quite distinct from those which determine amount of growth. It is highly 
improbable that in this material there is any direct genic control over 
dimensions. The “‘size” genes of the orthodox multiple-factor conception 
apparently govern volume, bulk or weight, but affect dimensions only 
indirectly, through their interaction with genes determining shape or 
pattern. 

Such a conclusion, if it is found to hold for other organisms, is not 
without certain important implications. A direct analysis of dimensional 
traits on the basis of multiple size factors would thus be very complicated 
where any shape or pattern difference was also involved. In such cases 
as height of stem in herbaceous plants, where the relation of length to 
diameter is very variable, a direct control of height by genes may be 
postulated for convenience; but even in such a loosely organized entity, 
extension in one dimension is probably not independent of that in others. 
This conception is especially helpful in the case of more determinate and 
highly organized structures. The study of such a complex dimensional 
analysis as that made by Srrxs (1932) of the leaf of Vicia leads one to 
wonder whether the facts could not be explained much more simply by 
assuming the operation of genes determining shape rather than dimensions. 
The inheritance of various aspects of bodily conformation in animals 
also suggests a similar treatment. The discussion over the occurrence and 
relative influence of general vs. local size factors loses much of its signifi- 
cance if we assume that total volume or weight is determined directly by 
“size”? genes but that the manner in which this material is distributed is 
under the control of genes affecting relative growth rates and thus produc- 
ing specific bodily shapes or patterns. 

The nature and operation of such genes for shape are important biological 
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problems since they are concerned with one of the most distinctive features 
of all organisms—the tendency to assume a specific form. Whether they 
produce their effects by a control of growth localization, cell polarity, or 
other mechanisms are questions about which almost nothing is known at 
present. Their influence is evident in very early developmental stages and 
they clearly control the entire growth plan or schedule through which 
the organ or body passes in its development. When growth involves marked 
changes in shape as size increases (as in the development of elongate pepper 
fruits [Sinnott and KaIseR 1934]), there is obviously a relationship be- 
tween size and shape, but this is a developmental rather than a genetic 
one. If gene mutations in size alone occur among organisms having such 
a type of development, there will be a definite relation between particular 
sizes and shapes at maturity; but this does not invalidate our conclusion, 
for it should be remembered that the genetic basis of shape controls ‘the 
entire developmental plan or pattern (not the mature trait alone) and 
that this pattern is independent of the particular point along its course 
where growth happens to stop, this point being determined by genes which 
affect size differences alone. As Ross has pointed out (1932), evolution 
may proceed by changes in size alone (which incidentally involve shape 
changes when the basic developmental plan is of this type), or by true 
shape mutations, when the plan itself is changed. In the former case, genes 
determining size are concerned; in the latter, genes determining shape, and 
the two seem to be quite distinct in their effects, as has here been main- 
tained. 

Genes governing shape evidently control relative growth rates. It is 
clear that a mere control of rates alone, suggestive as such a conception 
is proving to be in developmental genetics, will not suffice to explain de- 
velopment. Certain basic rates may be determined by what have here been 
called “size” genes, and thus influence total growth directly. Develop- 
ment, however, involves a series of correlated growth rates, and it is this 
correlation in growth, resulting in specific developmental patterns and 
finally in specific organic forms, with which the genes for shape, here 
postulated, are evidently concerned. 


SUMMARY 


From data on the inheritance of fruit characters in Cucurbita pepo, the 
following lines of evidence are presented which indicate that fruit shape 
is inherited independently of fruit size and thus presumably is directly 
determined by genes: 


1. A simple, clearly segregating fruit shape difference is inherited in- 
dependently of fruit weight. 




















GENES CONTROLLING SHAPE 21 


2. There is rarely or never a significant correlation between fruit weight 
and fruit-shape index in the F». 

3. Shape indices segregate much more sharply than do dimensional 
traits. 

4. There is a positive correlation between fruit length and width in pure 
lines and F; progenies, but a negative correlation between these traits in 
the resulting F, progenies. 

5. Variability of length is twice as great as that of width in F, generations 
from crosses between lines which differ in fruit shape, although length 
and width are essentially equal in their variability in both pure lines and 
F progenies. 

The significance of this conclusion for problems of development and 


evolution is discussed. 
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In his early work on Drosophila, MorGAN (1911) suggested that crossing 
over results from an exchange of parts between homologous chromosomes 
at some stage in the reduction divisions. This became at once a highly 
useful conception in genetics and, while definite proof for the view was 
lacking, a large amount of evidence accumulated which pointed strongly 
to the correctness of the assumption. Only recently has it been possible, 
however, to subject the idea to a decisive test. In a comprehensive study, 
STERN (1931) has demonstrated clearly that in Drosophila crossing over 
involves an interchange of chromosome segments. He examined genetically 
and cytologically the offspring of a race of flies which carried two trans- 
locations affecting the sex chromosomes. In one of the translocations, the 
X chromosome had been broken in two and one piece had become at- 
tached to the small fourth chromosome; in the other, the long arm of the 
Y chromosome was shifted to one end of the X chromosome. Two loci 
were marked by heterozygous genes in the segment of the X chromosome 
which had been rendered heteromorphic at both ends by the translocations. 
STERN examined 364 flies, of which 359 showed the correspondence in 
genetic composition and chromosome configuration expected on the 
Morgan hypothesis. Five exceptions were attributed to errors in classifica- 
tion. Using a stock of Zea mays carrying a reciprocal translocation between 
chromosomes 8 and 9 in which one arm of the ninth chromosome carrying 
the genes c and wx was differentiated from its mate by a terminal knob, 
CREIGHTON and McC urnTock (1931) present evidence suggesting that 
crossing over between the two loci mentioned is accompanied by an ex- 
change of chromosome segments in the arm marked by the knob. Only 
three individuals of the class which, if adequately sampled, affords a 
definitive test of the hypothesis, namely, plants which are crossovers in 
the region marked by genetic factors, were examined cytologically by 
these workers. These three plants conformed to expectation. Other results 
of a less decisive nature are also given. 


1 Papers from the Department of Botany, and from the Department of Genetics, Agricultural 
Experiment Station, UNiversity OF WISCONSIN, No. 172. Published with the approval of the 
Director of the Station. 
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CROSSING OVER OF HOMOLOGOUS CHROMOSOMES 


MATERIALS AND METHODS 


In the present study use was made of a strain of maize homozygous for 
two reciprocal translocations involving opposite ends of chromosome 1? 
(P-br linkage group).* The origin of the stock has been described in an 
earlier publication (BRINK and Cooper, 1932). One end of the P—br 
chromosome in ‘the doubly interchanged race is replaced by a terminal 
segment of chromosome 2 (B-/g linkage group). Earlier designated semi- 
sterile-1, the translocation is now named Ti-2a. The other end of 
chromosome 1 has been exchanged for a distal segment of chromosome 
6 (Y—PI linkage group), the latter chromosome being distinguished from 
the other members of the set by its attachment to the nucleole. This trans- 
location, formerly known as semisterile-5, is now designated T1-6a. 
Chromosomes 2 and 6 are correspondingly modified. 

In the T1-—2a reciprocal translocation, chromosome 1 was broken be- 
tween a point near ad (adherent) and the locus of gs (green-striped) as 
shown by Brink and Cooper (1931, 1932). In reciprocal translocation 
T1-—6a, the break in chromosome 1 occurred between P (pericarp color) 
and br (brachytic). Evidence in addition to that submitted earlier by 
BrinK and Cooper (1932) for this conclusion is given in table 1, where 


TABLE 1 


(T1-6)abrf + bdrf 
+ ++ “+brf" 





Results of the backcross 














T1-6a/+ +/+ 
PROGENY NO. 
BrF br F Brf brf BrF br F Brf brf 
R855 82 0 1 4 6 2 0 60 
R856 35 0 2 4 2 2 0 25 
Totals 117 0 3 8 9 4 0 85 





the results of backcrosses of two plants heterozygous for the translocation, 
br and f (fine-striped) to normal, br f are presented. The amount of crossing 
over between T1—6a and br is 7.5 percent; that between T1-—6a and f is 
10.6 percent; and that between br and f is 3.1 percent. The order is clearly 
T1-6a—br-f, although the crossover values are considerably lower than 
those obtained earlier. Two additional families containing 168 plants from 


T1i-6a+ +itse : 
the backcross x gave 11.8 percent crossing over between 
+ise +ise 


2 In numbering the chromosomes the system adopted by EMERSON (Proc. Fourth Int. Genetics 
Congress, 1: 141-152) is followed. 

3 This statement is not intended to imply that the two translocations are necessarily in differ- 
ent arms of the.chromosome. 
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T1-—6a and tassel seed—2. This value, likewise, is much lower than those 
obtained in two of the three progenies of like breeding reported in a former 
publication (BrinK and Cooper 1932). The cause of these variations in 
amount of crossing over is not known. For our present purposes, however, 
it is necessary only to know the order of the genes with reference to the 
point of break in the chromosome. This appears to be definitely established 
and is shown in figure 1. It has been found previously (BRINK and CooPER 


Ti-6a br ad. ST I-2a 


av ° 4 10 





FicurE 1.—A chromosome map of the interstitial region based on the crossover values 
obtained in the total population of which the individuals examined cytologically are a sample. 


1931) that the order of the dr and f genes in relation to the other transloca- 
tion involved is br—f—-T1—2a. with ad very close to T1-2a. 

The loci of the br and f genes, therefore, lie between the two points of 
break in the chromosome. No undoubted case of crossing over between 
the T1—2a translocation and ad has been observed. Apparently the locus 
of this gene is near the point where chromosome 1 was broken. The factor 
is tentatively mapped as being left of the break; it might with equal justi- 
fication be placed in a corresponding position to the right. The fact is that 
thus far (with two possible exceptions as noted later) T1—2a and ad have 
been found to assort together. 

When the homozygous doubly interchanged line is crossed with normal 
maize the hybrids," are partially sterile and show at diakinesis 
a ring of 6 chromosomes attached to the nucleole and 7 bivalents. In pro- 
phase, a six-armed chromosome structure is found (BRINK and COOPER 
1931). Only about 35 percent of the pollen appears to be functional, and 
seed production is correspondingly lowered. The high sterility is due pre- 
sumably to the formation of many microspore and macrospore nuclei 
deficient in one or more chromosome segments involved in the traysloca- 
tions. When plants heterozygous for the two translocations in coupling 
series are used as pollen parents in crosses with normal maize four kinds 
of offspring, with reference to the structural relations of the chromosomes, 
are produced. These show the following respective configurations at 
diakinesis: (1) ring of 6 chromosomes attached to the nucleole plus 7 
bivalents; (2) ring of 4 chromosomes attached to the nucleole plus 8 
bivalents; (3) ring of 4 chromosomes free in the nucleus plus 8 bivalents; 
and (4) 10 bivalents (see figures 2 and 3). In the reciprocal cross, where 
the partially sterile plant serves as the pistillate parent, the same four 
classes of offspring result; and in addition a small proportion (about eight 
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percent) of plants is produced with more, or sometimes possibly less, than 
the normal complement of chromatin. Many of these hyperploids or 
hypoploids may be detected on the ear as undersized seeds. The plants 


(A) (B) 
No crossing over Crossing ovr 
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FicurE 2.—Diagrammatic representation of the cytogenetic relations expected among the 
offspring of the backcross in which crossing over is not genetically detectable. 


themselves are frequently atypical in form and irregular in fertility, con- 
sequent upon their abnormal chromosome make-up. As is commonly the 
case, it is largely macrospores of these exceptional types which function, 
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the corresponding microgametophytes frequently failing of complete 


development. 


In the present consideration the exceptional aneuploid plants need not 
be discussed further. The origin of the other four types of plants differing 
in the structural relations of their chromosomes, however, is directly re- 
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Ficure 3.—Diagrammatic representation of the cytogenetic relations expected among the 
offspring of the backcross when genetic crossing over occurs (A) between the br and f loci and (B) 


between the f and ad loci. 
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lated to the problem in hand. One of the chromosomes in the six-mem- 


bered ring in — plants consists of parts of what, in normal 


individuals, are three different chromosomes. One end of this tripartite 
member of the interchanged set is homologous with one end of chromosome 
2; the other end-is homologous with the distal portion of chromosome 6. 
The interstitial segment of the modified chromosome, on the other hand, 
corresponds with the middle part of chromosome 1. These relations are 
depicted in figure 2. It is the behavior of this interstitial segment in plants 
heterozygous for the two reciprocal translocations which, in matings with 
normal individuals, determines the mode of association of the chromosomes 
in the offspring. If an exchange of segments (cytological crossing over) 
does not occur in the region between the two points of break, and alternate 
chromosomes go to the same pole in the reduction divisions, two types 
of gametes may arise which, in conjunction with normal sperm or eggs, 
will produce individuais showing (1) a ring of 6 chromosomes attached to 
the nucleole plus 7 bivalents, and (2) 10 bivalents. In other words, gametes 
are formed corresponding to the two structural types which in association 
with each other give the configuration of the hybrid itself. If, on the other 
hand, a single exchange of chromosome segments occurs in the interstitial 
region, and the meiotic distribution of the chromosomes is such that the 
resulting macrospore and microspore nuclei receive full complements of 
chromatin, the two translocations are separated from each other and pass 
into different nuclei. The resulting chromosome complements in apposition 
to normal sets of chromosomes will produce individuals showing at diaki- 
nesis, (1) a ring of 4 chromosomes attached to the nucleole plus 8 bivalents, 
and (2) a ring of 4 chromosomes free in the nucleus plus 8 bivalents. 

It is thus possible among the offspring of plants heterozygous for these 
two translocations to separate the individuals which have resulted from 
cytological crossing over in the interstitial segment from those which 
have not, and, furthermore, to identify the two complementary crossover 
classes when an exchange of chromosome parts occurs. The latter deter- 
mination is rendered possible by the fact that the chromosome ring result- 
ing from the T1—2a translocation lies free in the nucleus while that from 
the T1-—6a translocation is attached to the nucleole. If a plant is made 
heterozygous for the two translocations and for two or more genes in the 
interstitial segment of the doubly modified chromosome and then back- 
crossed to the recessive type with normal chromosome structure one may 
determine the relation between exchange of chromosome parts in the 
region in question and genetical crossing over by cytological examination 
of the different classes of segregates. 

Individuals homozygous for the two translocations T1-2a and T1-6a 
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and carrying the dominant genes, Br, F and Ad were crossed with br f 
ad plants of normal chromosome composition. The partially sterile hybrids 
were backcrossed with a br f ad stock of normal chromosome structure. 
The results of a combined cytological and genetical study of 211 offspring 
from the backcross are presented in table 2. In obtaining family R900, 
the partially sterile hybrid was used as the pistillate parent in the back- 
cross. The remaining families, R901 to R907, were derived from the recip- 
rocal combination. The findings are essentially alike in the two cases and 
are combined in the totals. 
TABLE 2 

T(1-6)a +++T(1-2)a__+br fad + 

+ wid +  +hefelt 





Cytogenetic classification of 208 offspring from the backcross 
ylog U A $s 





























NON-CROSSOVERS: br—ad REGION CROSSOVERS: br—ad REGION 
PROGENY Br F Ad br f ad Br f ad br F Ad Br F ad br f Ad 
NUMBER RING OF 6 RING OF 4 10 RING OF 4 RINGOF4 RINGOF4 RINGOF4 RING OF4 
ATTACHED TO FREE INTHE BIVALENTS ATTACHED TO ATTACHED TO FREE IN ATTACHEDTO FREE IN 
NUCLEOLE NUCLEUS NUCLEOLE NUCLEOLE NUCLEUS NUCLEOLE NUCLEUS 
AND 7 AND 8 AND 8 AnD 8 AND 8 AND 8 AND 8 
BIVALENTS BIVALENTS BIVALENTS BIVALENTS BIVALENTS BIVALENTS BIVALENTS 
R900* 15 5 11 2 1 2 6 3 
R901 12 5 8 3 0 0 1 3 
R902 6 3 1 3 0 0 2 1 
R903t 3 6 2 2 1 3 2 3 
R904 8 5 7 0 2 2 3 + 
R905 9 4 5 2 0 1 1 1 
R906f 5 2 4 1 0 0 0 1 
R907 8 8 z 3 0 1 1 1 
Totals 66 38 40 16 4 9 16 17 
160 46 





* This progeny also contained 2 Br f Ad plants which possessed a ring of 6 chromosomes at- 
tached to the nucleole and 7 bivalents. 

+ This progeny also contained 1 br f Ad plant with a ring of 4 chromosomes attached to the 
nucleole plus 8 bivalents, and 1 br f Ad plant with 10 pairs of chromosomes. These two individuals 


are apparent exceptions. 
t This progeny also contained 1 Br F ad plant which possessed 10 bivalent chromosomes. 


ACCURACY OF CLASSIFICATION 


Classification in the field for the Br, br pair of characters seldom pre- 
sents.any difficulty, and it is considered very unlikely that there are any 
errors in the table in regard to them. Fine-striped, likewise, is usually 
distinct from the allelic condition. Occasionally, however, the striping in 
a plant of this class is so reduced as to be seen only as a very narrow 
chlorophyll-deficient line at the base of a single leaf blade. But there are 
very few individuals which do not give at least this much evidence of their 














CROSSING OVER OF HOMOLOGOUS CHROMOSOMES 29 


composition with respect to the F, f pair. To check the accuracy of the 
field classification for fine-striped, pollen from nine plants which were 
classified as br F, that is, as apparent crossovers between these two loci, 
in the families on which table 2 is based, was applied to homozygous fine- 
striped individuals. The offspring were tested in the greenhouse. Under 
the reduced light.conditions of winter particularly, fine-striped occasions 
a marked reduction in chlorophyll development in the seedling stage. All 
nine plants were found to have been correctly classified as F. Another 
individual similarly tested which had been marked in the field as “‘ doubt- 
fully f” was shown to be F. The degree of accuracy attained in the classi- 
fication of the F, f pairs, therefore, would appear to be satisfactory. 

The adherent character is manifested more or less conspicuously at two 
stages in the development of the plant. In adherent seedlings, the laminae 
of two or more leaves are usually, although not always, stuck together. If 
considerable elimination of plants of this type is to be avoided in the early 
stages of growth the leaves must be parted by hand. At the flowering 
stage the branches of the tassel in typical adherent individuals are closely 
appressed in the direction of the main axis and more or less firmly held 
together by a mucilaginous substance. By marking the plants in the seed- 
ling stage and checking them again at flowering time most individuals are 
readily enough classified for adherent. Neither criterion, however, is in- 
fallible, and occasional individuals are found in which it is not certain 
whether either the seedling leaves are actually attached or the tassel 
branches stuck together. Attempts were made in these cases to secure out- 
crosses to homozygous adherent. The only stock available to the writers 
for that purpose at the time was also carrying brachytic and fine-striped 
and was weak and comparatively unfruitful. Consequently most of the 
outcrosses failed. No check is available, therefore, on the classification of 
the two plants in progeny R903 listed in the table as possible exceptions, 
the doubtful point being whether they were actually non-adherent. It is 
believed that the other entries in table 2 are correct in this regard. 


CYTOLOGICAL PROCEDURE 


As in previous studies (BRINK and Cooper 1931) aceto-carmine smears 
of pollen mother cells were used in determining the chromosome configura- 
tions. Attention was directed particularly to diakinesis figures. The re- 
quirement for a study of this kind that indisputable morphological differ- 
ences in the chromosome complements of the four expected classes of 
plants be detectable with the microscope is amply met. Each of the grovps 
is distinguished by an easily recognizable cytological feature which is 
diagnostic. As pointed out above, one non-crossover class (with reference 
to the interstitial segment) is unique in having a ring of 6 chromosomes 
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attached to the nucleole, plus 7 bivalents; the other has a normal comple- 
ment of 10 bivalent chromosomes. The two crossover classes have rings of 
4 chromosomes, which are not only smaller than the ring occurring in the 
first mentioned non-crossover class but are accompanied by 8 rather than 7 
bivalents. The crossover classes are no less sharply distinguishable from 
each other by virtue of the fact that in one the ring of 4 chromosomes is 
always attached to the nucleole whereas in the other it lies free in the 
nucleus. 
EXPECTED CYTOGENETIC RELATIONSHIPS 


The expected relationships among the offspring of the backcross 
T1—6a + + + T1-—2a_+brfad+ 
+ br fad + + br fad + 
4. There are three regions in the interstitial segment in which crossing 
over occurs with measurable frequency. The amounts of crossing over in 
these as computed on unpublished data from the total population of which 
the individuals studied cytologically are a sample are shown in figure 1 
and are as follows: (1) T1—6a—br, 20 percent; (2) br—f, 4 percent; (3)f-ad 
(T1-2a)10 percent. As mentioned earlier, crossing over between ad and 
T1-2a has not been proved. These points are considered together, there- 
fore, as marking one end of the interstitial region. 

It should be noted, perhaps, that the entries in table 2 do not represent 
random samples of the eight progenies used. In collecting material for 
cytological study an effort was made to get as large a representation as 
possible of plants which were genetically crossovers since the results on 
these individuals were expected to be definitive. Likewise, the genetically 
non-crossovers, Br F Ad, and br f ad, are weighted in the Ti—2a and T1-6 
classes. 





are illustrated in figures 2, 3, and 


EXPERIMENTAL RESULTS 


If the chromosomes cross over in region 1, that is, between T1—6a and 
br, the original relations between the Br br, F f and Ad ad genes are main- 
tained (figure 3). While the event is not detectable genetically, therefore, 
it is reflected in a change in the amount of pollen abortion in the crossover 
plants. In contrast with about 35 percent functional pollen and all func- 
tional pollen in the two respective non-crossover types of offspring, the 
crossovers show 50 percent empty grains. The part of the interstitial 
region not marked with genes is continuous and at one end because of 
the near coincidence of the ad locus with the point of break in the T1—2a 
translocation. In view of this fact, a definite relation is expected on the 
Morgan theory of crossing over between chromosome configuration and 
genetic composition of these two classes of plants. As illustrated in figure 
2, all Br F Ad individuals by hypothesis should show either a ring of 6 
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chromosomes plus 7 bivalents or a ring of 4 chromosomes free in the nucleus 
and 8 bivalents. Referring to table 2 it may be seen that of the 104 Br F 
Ad plants examined cytologically 66 were of the first kind and 39 of the 
second. Similarly, all br f ad segregates should possess either 10 bivalent 
chromosomes or a ring of 4, in this case attached to the nucleole, and 8 
bivalents (figure 2). Of the 56 br f ad plants studied 40 were of the first 
type and 16 of the second. Expectation in these two groups of plants, 
therefore, is fully met. 

Crossing over 

Regions 2,3 




















Configuration of Offspring 


nucleole 


2 . Q 
BrfAd  brFad 


FicurE 4.—Diagrammatic representation of the cytogenetic relations expected among the 
offspring of the backcross when genetically detectable double crossing over occurs in the inter- 
stitial region. 
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Thirteen plants which were genetically crossovers between the br and 
f loci were examined cytologically (table 2). Reference to figure 3 (A) will 
show that the Br f ad class is expected to have at diakinesis a ring of 4 
chromosomes attached to the nucleole and 8 bivalents. The 4 Br f ad 
plants studied showed this configuration. The complementary crossover 
class, bry F Ad on the other hand, should possess a ring of 4 chromosomes 
free in the nucleus plus 8 bivalents. The 9 plants showing the br F Ad 
characters which were tested all showed this configuration. 

The structural character of the chromosome complement was deter- 
mined for 33 plants which were genetically crossovers between the f and 
ad loci. The results are given in table 2. As figure 3 (B) illustrates, Br F 
ad plants are expected to possess a ring of 4 chromosomes attached to the 
nucleole plus 8 bivalents. Of the 17 Br F ad plants examined, 16 fulfilled 
this expectation; one plant did not conform, and is considered further 
below. The complementary crossover class, br f Ad, should show a ring 
of 4 chromosomes free in the nucleus and 8 bivalents. Of the 19 br f Ad 
plants studied, 17 were of this configuration. There were two apparent 
exceptions which are discussed below. 

It is thus seen that 46 plants which were genetically detectable single 
crossovers in the interstitial region afford direct evidence, in the struc- 
tural relations of their nuclear complements, of an exchange of chromo- 
some segments. 

The four types of chromosome complements found in the backcross 
population are illustrated in figure 5. 

In progeny R900, two Br f Ad plants occurred. These are genetically 
double crossovers and, by hypothesis, as illustrated in figure 4, should 
show a ring of 6 chromosomes attached to the nucleole and 7 bivalents. 
Both individuals exhibited this configuration. 

The one Br F ad plant in progeny R906 which possessed 10 bivalent 
chromosomes rather than the ring of 4 attached to the nucleole plus 8 
bivalents as in other plants of this class may, likewise, be a double cross- 
over. Its genetic make-up shows that crossing over occurred in the f—ad 
region. If a second crossover occurred between the T1—6a translocation 
and the dr locus, an event which might be expected occasionally, its 
chromosome complement is that expected by hypothesis. 


POSSIBLE EXCEPTIONS 


In progeny R903 two plants occur which are possible exceptions. To 
account for a br f Ad plant showing a ring of 4 chromosomes attached to 
the nucleole plus 8 bivalents, it is necessary to assume three simultaneous 
crossovers, one of which is between the ad locus and the point of break in 
the T1—2a translocation. As pointed out earlier, no crossovers of the latter 
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kind have been found previously, although they have been looked for in 
a few families comprising several hundreds of plants. The other apparently 
exceptional plant was classified as br f Ad and showed 10 bivalent chromo- 
somes. Such an individual could arise from simultaneous crossing over 
between f and ad and between ad and the T1-2a translocation. The same 


Saad 


a, * 

















Ficure 5.—Diakinesis figures of (A) normal plants, showing ten bivalent chromosomes, (B) 
plants carrying the T1-2a translocation, showing a ring of 4 chromosomes free in the nucleus and 
8 bivalents, (C) plants carrying the T1—6a translocation, showing a ring of 4 chromosomes attached 
to the nucleole and 8 bivalents, and (D) plants carrying both the T1—2a and T1-6a translocations, 
and showing a ring of 6 chromosomes attached to the nucleole and 7 bivalents. 


doubt consequently arises here, although possibly the case is regular. A 
more likely explanation, however, is that both these plants were mis- 
classified as non-adherent. If they were genetically adherent they would 
fall into two of the expected categories. Unfortunately outcrosses to test 
the correctness of their classification failed. 
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SUMMARY AND CONCLUSION 


i. The requirements for a test of the relationship between exchange of 
corresponding chromosome segments and genetic crossing over were 
found in a strain of Zea mays carrying two reciprocal translocations in- 
volving opposite ends of chromosome 1. One of the translocations, 
T1-6a, represents an interchange with a part of the distal arm of chromo- 
some 6 which is attached proximally to the nucleole; the other, T1-2a, 
involves chromosome 2, which is not attached to the nucleole. A plant 
carrying translocation T1—6a only, shows at diakinesis of the pollen 
mother cell a ring of 4 chromosomes attached to the nucleole and 8 bi- 
valents. Individuals possessing the T1—2a translocation alone, on the 
other hand, form a ring of 4 chromosomes free in the nucleus and 8 bi- 
valent chromosomes. When both translocations are present simultane- 
ously a ring of 6 chromosomes attached to the nucleole and 7 bivalents 
occurs. 

2. A stock carrying both reciprocal translocations, T1-2a and T1-6a, 
was crossed with a normal race possessing 10 bivalent chromosomes and 
carrying the three recessive genes br (brachytic), f (fine-striped) and ad 
(adherent) in the portion of chromosome 1 corresponding to the inter- 
stitial segment in the doubly interchanged line. The order of the marked 
points was known from previous studies to be Ti-6a—br—f—ad T1-2a, 
no crossing over having been found between the latter two. The partially 
Ti—G6e + + + Ti-—2a 

+ br fad + 
br f ad line, and the genetic composition and chromosome configuration 
of 211 offspring determined. 

3. On the hypothesis that genetic crossing over involves the exchange 
of chromosome segments, the Br F Ad segregates from the backcross 
should show cytologically either a ring of 6 chromosomes attached to the 
nucleole plus 7 bivalents or a ring of 4 free in the nucleus plus 8 bivalents. 
Of the 104 Br F Ad plants examined 66 were of the former type and 38 of 
the latter. Similarly, the br f ad segregates should possess either 10 bi- 
valents or a ring of 4 chromosomes attached to the nucleole plus 8 bi- 
valents. Fifty-six br f ad individuals were studied cytologically, and 40 
were found to be in the first category and 16 in the second. 

4. Single crossing over in the portion of the interstitial segment between 
the br and f loci is detectable genetically and should give (1) Br f plants 


sterile hybrids, , were backcrossed to the normal, 
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possessing a ring of 4 chromosomes attached to the nucleole plus 8 bi- 
valents, and (2) br F individuals showing a ring of 4 free in the nucleus 
and 8 bivalents. Four plants of the first class and 9 of the latter met these 
requirements. There were no exceptions. 

5. Crossing over in the f—ad region is likewise reflected in the offspring 
of the backcross and, on hypothesis, should result in (1) F ad plants show- 
ing a ring of 4 attached to the nucleole plus 8 bivalents and (2) f Ad indi- 
viduals having a ring of 4 chromosomes free in the nucleus plus 8 bivalents. 
Of the 17 F ad plants studied cytologically 16 agreed with this expectation 
and one possessed 10 bivalent chromosomes. The latter may have been a 
crossover in the T1—6a—Odr region also and, if so, it is consistent with 
theory. Chromosome configurations were determined on 19 f Ad segre- 
gates. Seventeen showed rings of 4 chromosomes free in the nucleus plus 
8 bivalents as expected, and two appeared to be exceptions. It is considered 
not unlikely that these apparent exceptions were incorrectly classified for 
the Ad, ad pair of characters (see text). 

6. Two double crossover plants, Br f Ad, were found to have rings of 6 
chromosomes attached to the nucleole and 7 bivalents as expected. 

7. In summary, 46 plants which showed genetic crossing over between 
the br and ad loci possessed the particular chromosome configurations 
called for by theory. Two possible exceptions may have been due to errors 
in classification. The 160 individuals of the two complementary non- 
crossover classes, Br F Ad and br f ad, likewise, fell into one or the other 
of the two respective cytological classes expected for each of them. 

8. With doubt attaching to but two plants in 211, the analysis affords 
convincing proof of the correctness of MorGAN’s view that genetic crossing 
over involves the exchange of segments between corresponding chromo- 
somes. 
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In Hordeum vulgare, L., a strain known as ‘‘Okina-Mugi’” shows varie- 
gation with white stripes on the green parts of the plant body. The genetics 
of the variegated barley was thoroughly studied by S6 (1921). The white 
stripes are due to the propagation of cells containing white plastids, which 
are produced by recurring exo-mutations of the green plastids. The strain 
carries a stimulating gene, by the action of which the plastids alter from 





Ficure 1.—Progeny of variegated barley, containing some albinotic seedlings. 


green to white. The gene itself is transmitted as a recessive to the normal 
allele; as it has a high constancy, the survived seedlings of the variegated 
barley invariably grow up to be variegated plants and never mix with the 
self-green ones. In the progeny of the variegated barley, a small propor- 
tion of albinotic seedlings appear (figure 1). The albinotic seedlings will 
die two or three weeks after their germination, when the stored substances 
in the endosperm are exhausted. 
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In 1931, seeds of a pure line of the variegated barley were sown inci- 
dentally at two different times with an interval of 12 days. I found a great 
difference in the amount of variegation in the rosettes of the two series of 
cultures. Their progenies were examined at the seedling bed by counting 
the albinos, the data being shown in table 1. 

















TABLE 1 
SOWING CULTURE NUMBER OF 
VARIEGATED ALBINOTIC MOSAIC TOTAL 
TIME NO. PEDIGREES 
October 18 1 69 15370 1164 54 16588 
Percentage 92.7 7.0 0.3 100 
2 124 25609 814 31 26454 
3 67 15728 593 13 16339 
October 30 4 33 7344 342 18 7704 
5 94 19663 598 21 20232 
Total 318 68344 2352 83 70779 
Percentage 96.6 Oe 0.1 100 
Totals 387 83714 3516 137 87367 
Percentage 95.8 4.0 0.2 100 


The origin of the mosaic seedlings is believed to be due to the egg cells 
containing green and white plastids together (Imar1 1928). The proportion 
of the albinotic seedlings is 7.0 percent in No. 1, 3.1 percent in No. 2, 
3.7 percent in No. 3, 4.4 percent in No. 4, and 3.0 percent in No. 5. These 
figures may be divided into two groups, one showing a high ratio of 7.0 
percent (No. 1) and the other a low ratio of 3.3 percent (Nos. 2-5). The 
differences in the frequency of the albinotic seedlings is therefore due to 
differences in the sowing times, it being possible to predict the results from 
the amount of variegation in the mother plants. 

In the autumn of 1932, a series of experiments were attempted by sowing 
at intervals of 10 days with the object of testing this point more accurately. 
The results are tabulated in table 2. 

















TABLE 2 
SOWING CULTURE NUMBER OF VARIEGATED ALBINOTIC MOSAIC TOTAL 
TIME NO. PEDIGREES NUMBER PERCENT NUMBER PERCENT NUMBER PERCENT 
September 10 1-1 31 5381 91.8 456 7.8 23 0.4 5°60 
September 20 1-2 37 6660 90.0 733 9.9 11 0.1 7404 
September30 = 1-3 49 9252 88.3 1210 11.5 17 0.2 10479 
October 10 1-4 58 10156 §690.7 1013 9.1 19 0.2 11188 
October 20 1-5 54 10082 92.5 804 7.4 12 0.1 10898 
October 30 1-6 88 16956 94.5 967 5.4 15 0.1 17938 
November 9 1-7 39 6456 897.1 184 2.8 4 0.1 6644 
Total 356 64943 92.3 5367 7.6 101 0.1 70411 
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The rate at which the albinotic seedlings appear varies greatly according 
to the times of sowing. Observations of rosettes of the mother plants made 
last spring revealed considerable differences in the amount of variegation, 
especially the notable reduction in cultures Nos. 1-6 and 1-7. To assist 
the understanding, the variation in the frequency of the albinotic seedlings 
according to the different times of sowing is graphed in figure 2. 

The frequency curve, as will be seen, is quite smooth, showing a gradual 
decrease in the frequency at both sides of the mode for class 1-3, the sow- 
ing time of which is September 30. The rate in the occurrence of the albi- 
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FicurE 2.—Variation in the frequency of albinotic mutants with differences in sowing times. 


notic mutants is closely related to that of the plastid mutations, seeing that 
the variegation exhibited on the rosettes of the mother plants differs in 
the amount of the white stripes. The conclusion therefore is that sowing 
time regulates the rate of exo-mutations of plastids. It was found on Sep- 
tember 30, 1932, that the frequency in occurrence of the albinotic seedlings 
reached an average of 11.5 percent, and the percentage gradually declined, 
both the earlier and later sowing giving a smaller proportion than the maxi- 
mum observed. The frequency, however, fluctuated considerably in the 
pedigrees (progeny of respective plants) sown at the same time, as shown 
in table 3. 
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The deviations are considerable, the highest proportion amounting to 
29.5 percent. A mathematical treatment of the table shows: 


Culture No. M o 
1-1 8.06+0.53 4.38+0.37 
1-2 9.95 +0.46 4.19+0.33 
1-3 11.3120.51 5.28+0.36 
1-4 8.97 +0.53 5.95 +0.37 
1-5 7.07+0.46 5.04+0.33 
1-6 5.24+0.29 4.08+0.21 
1-7 2.97 +0.34 3.1320 ).24 
Tota 7.63+0.19 5.38+0.14 


The respective mean values (M), however, agree very nearly with the 
corresponding average figures shown in table 2 and graphed in figure 2. 
The standard deviations are remarkable, but do not vary much for the 
different cultures. 

The average frequency of the albinotic mutants in the pedigree cultures 
of the variegated barley is 5.6 percent, which was obtained from the avail- 
able data shown in table 4. 








TABLE 4 
VARIEGATED ALBINOTIC MOSAIC 
TOTAL 
NUMBER PERCENT NUMBER PERCENT NUMBER PERCENT 
148657 


94.2 8883 5.6 238 0.2 157778 





The frequency of albinos fluctuates considerably about the average 
value. If the plastid mutations were to occur at any stage of the plant 
ontogeny, the deviation would probably be so remarkable that the fre- 
quency of mutations would hardly be possible to express with a reliable 
figure. Since in the variegated barley promeristematic mutations do not 
occur, no white ears are produced. This loosely limits the extent of varia- 
tion in the frequency of the albinotic mutants. 

Although difference in sowing time may accompany many environ- 
mental factors which influence the mutability of the plastids, the most 
important of them seems to be temperature. Experimenting with a mu- 
table gene of Drosophila virilis, DEMEREC (1932) came to the conclusion 
that “‘The experiment, therefore, indicates that ten degrees centigrade 
difference in temperature has not affected the rate of change in the un- 
stable miniature-3 gamma gene in a detectable degree.” Prior to him, 
EysTER (1926), however, obtained a positive result in his experiments with 
the variegated pericarp of maize. He raised variegated stocks in two lo- 
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calities differing in climate, one, Arizona, being of “‘the higher and more 
variable temperature and greater transpiration” than California, the 
other. EysTEr’s conclusion is that “The California-grown variegations 
consistently had more red markings covering one-fourth the surface of a 
kernel and larger areas than the Arizona-grown variegations” and that 
“Changes from orange to variegation, and from orange to red also occurred 
more frequently under the California conditions.” Since variegation is 
manifested by the recurring exo-mutations of plastids in my experiments 
with barley, the stimulating gene carried by the variegated stock is sus- 
ceptible to certain environmental factors, its physiological potency to 
change the plastids being affected. It behooves us then to establish defi- 
nitely at what period of the plant ontogeny the frequency of the plastid 
mutations is influenced, and by what environmental factors the muta- 
bility is regulated. 

The present investigation was conducted with the aid of a grant from 
the Imperial Academy, to the Council of which I wish to express my sin- 
cere gratitude. 
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INTRODUCTION 


Exposure of the germ cells of living organisms to X-rays or to radium 
has so far proved to be the only reliable method for artificially inducing 
mutations, as shown by MULLER and others. In nature, organisms or 
groups of organisms carrying “favorable” mutations are supposed to be 
chosen for survival by the sorting action of natural selection, and MULLER 
and Mortt-SmitH (1930) have concluded that natural radiation is inade- 
quate as a cause of spontaneous or natural mutations. The search con- 
tinues therefore for some agent in the natural environment of living things 
which produces mutations under controlled conditions, and is of suffi- 
ciently general occurrence to account for mutations in nature. 

That this factor may be temperature change is of course an old idea. 
Temperature changes are ubiquitous and palaeontologists have often sug- 
gested that periods of rapid evolutionary change coincided with, or foi- 
lowed, periods of marked climatic fluctuation. Most of the observations 
of the pre-Mendelian period fail to satisfy the genetic criteria, and until 
recently, controlled genetic tests have proved negative. More than fifteen 
years ago the senior author looked for mutations in Drosophila strains 
which had been exposed to high and low temperatures with negative re- 
sults (PLouGH 1917). MULLER and ALTENBERG (1919) and later MULLER 
(1928) reported a slight but significant increase in the number of lethals 
from Drosophila cultures bred at 27°C. But the work of GoLDSCHMIDT 
(1929) was the first which seemed to give clear-cut evidence in support of 
this view. He reported that a large number of mutations of all classes ap- 
peared among the offspring of flies which had been exposed as larvae to 
sub-lethal temperature (35°-37°) for periods of about 24 hours. This work 
was confirmed and extended in a series of reports by Jottos (1930-1933). 
The latter has carried out a long series of experiments not yet completely 
summarized and found a marked increase in the number of mutations as 
well as of non-inherited variations in successive generations following 
heat, as compared with untreated controls. Some of the non-inherited 
variations reappeared among the offspring of females showing them, and 
many of the mutations found resembled in their expression certain of these 
non-inherited variations. In certain cases, too, subsequent heating of flies 
bearing mutations already induced gave rise to more extreme alleles in 
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successive steps. JOLLOs concludes that brief and repeated exposures to 
sub-lethal temperature induce simultaneously in this order of frequency: 
certain particular somatic or cytoplasmic modifications, Dauermodifika- 
tionen of the same type, initial mutations of the same manifestation, and 
finally more and more extreme alleles of the same genes. He states his view 
thus: (Naturwissenschaften 21: p. 456) “Da nun die gleichen veriinderten 
Umweltfaktoren bei einem Teil der Individuen Modifikationen und Dauer- 
modifikationen . . . bedingen, bei anderen dagegen ganz analoge, aber 
auf Genverinderungen beruhende Umstimmungen hervorrufen, so ist 
anzunehmen, dass die von den Genen in das Plasma entsandten wirkenden 
Stoffe und die Gene selbst ihrer Konstitutionen nach wesensgleich oder doch 
sehr dhnlich sind. Es ist dabei unschwer einzusehen, dass die im Plasma 
liegenden Genprodukte leichter verindert werden kénnen als die in den 
Chromosomen liegenden, den Umwelteinfliissen offenbar schwerer zuging- 
lichen Gene selbst.” 

Just (1932) has come forward with another interpretation developed on 
speculative grounds from JOLLos’s evidence and from a consideration of 
the effects of external agents on the eggs oi various animals. He believes 
that the environment affects primarily the cytoplasm, and secondarily 
the nucleus. On this view the modifications are the primary results of 
temperature change, and the altered cytoplasm reacts on the chromatin to 
produce occasional mutations. Just contends that the burden of proof 
rests on those who hold that cytoplasmic modification is a consequence of 
nuclear change. 

There has been a good deal of interest aroused in these observations and 
in the conclusions, because of their bearing on the theory of evolution. 
Jottos believes he has proved that the high temperature brings about 
evolution in certain specific directions, in a step-by-step, or orthogenetic 
series, as has been claimed by some palaeontologists from a study of cer- 
tain lines of fossils. While there may be reasonable doubt if the evidence 
as brought forward by JoL.os justifies the conclusions drawn, the facts 
constitute an important contribution to genetics, of special interest since 
they have not been brought to light by the many previous breeding experi- 
ments with Drosophila at high temperatures. 

Soon after GoLDscHMIDT’s report was published, a number of Droso- 
philists, both in America and in Europe, attempted to secure confirmatory 
evidence. Of these Roxitzky (1930) appeared to give some confirmation 
while FERRY, SCHAPIRO and SmpororrF (1930) reported negative results. 
The somewhat more extensive series of tests exhibited at the Sixth Inter- 
national Congress of Genetics by STURTEVANT, by DEMEREC, and by REp- 
FIELD and SCHULTZ, were negative. At this Congress, also, MULLER (1932) 
summarized the work of MACKENSEN in his laboratory in which the Gold- 
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schmidt method was applied to C/B stocks. These tests were on a large 
scale, and showed a rise in lethal mutation frequency of a slightly greater 
order than MULLER’s earlier data would have led one to expect. Finally 
PLouGH and Ives (1932) at the same Congress made a preliminary report 
of an extensive series of tests, and this was somewhat amplified in reports 
to the Genetics Society at Atlantic City and at Cambridge (PLoucH 1932 
and 1933). (See also GRossMAN and SmitH 1933.) Our results, which are 
here reported in detail, show excellent agreement with those of MULLER 
and confirm the observations of GoLpscHMipt and JoLtos as to the in- 
crease in rate of mutation. In addition they indicate that certain genes are 
induced to mutate more frequently than others, although we find no evi- 
dence of step-by-step mutation in allelic series. It is of interest that our 
data show many similarities to those of Promprov (1932) for the effect of 
ultra-violet rays suggesting perhaps that his results may have been due to 
high temperature. In general also our results are in agreement with those 
reported by RANDOLPH (1931) who secured a certain number of chromo- 
some mutations in maize by high temperature treatment. 


EXPERIMENTAL 


Since our purpose was to check the results of GOLDSCHMIDT and JOLLOs, 
we followed their method as exactly as possible (see Jottos 1930). Ordi- 
narily three pairs of flies of the particular mating to be used were placed in 
one culture bottle for three or four days, and then transferred to a second 
bottle for one day only. A number of successive transfers of one day each 
were made, and these one-day cultures were placed in the incubator at 
36.5°C on the fifth or sixth day after the parents had been introduced. 
They were left at this temperature in most cases for 24 hours and then re- 
placed at 24° along with the first series which were the controls. Thus the 
genetic constitution of controls and heated lines was exactly alike. 

In the majority of lines subsequent generations were secured from pairs 
derived from the heated (or control) series, but in certain experiments only 
heated males or heated females were used. Later generations were ordi- 
narily carried at 24°, but in a certain number of cases subsequent genera- 
tions were exposed to heat as in the first generation. In all cases the genera- 
tions actually heated as larvae (and the corresponding controls) are d ~sig- 
nated as generation 1. 

A chart of the different experiments showing the stocks used, the treat- 
ment, and the number of flies examined is shown in table 1. With a few 
minor exceptions in experiment 10 all the work on any one experiment was 
done by a single observer, so that the heated and control lines were given 
similar attention. Every fly recorded was examined for visible variation 
and, if any irregularity was observable, was mated. Of course only a small 
number of the normal flies were continued further. 





A 


3 
i 
os 
_ 
_ 
~ 

— 
o 
Sp) 
rant 
i) 
io 
la 
_ 
Z 
— 
” 
Z 
© 
= 
4 
< 
a 
=) 
_— 
em 








Fz209¢ 


O8el 


fool 
OL8T 


T7ZEL 


OFSt F 


OfF 97P98T 


TI 
SLs 
PPSL 


bZ LSOTl 


19 66FTE 
£P OSstIT 


8SZT 


s[eqOL 





OL 6 pur / (¢) 
86 6 (Z) 
e7S 2 (T) 

9-7 ‘ues 4 pue 
98 © “e-T ‘uad 6 


707 6 pue p 
PL 6 pue p 


A[UO I9AO BUISSOID JO $}S9} 


(o¢) 
II 0 


csoe 


co S199 + 





Aga 
TIOULNOD 


TOULNOD 
aN 004 SNOLLVLON ‘ON 


aaLvaH 


SANIT 
aaLVaH NI 
agAugsao 


sauoL1mo9 
TOULNOD 


6 pur 


6 pur 
6 puro 
) 


& pur 


6 pure 


“SUH FZ 
u04d O08 


SANIT 
aaLVGH NI 
SaunL1i1no 


“ON 
INGALVaEL 


agMOTIOd 
SNOLL 


2X 6 yisyUTy "0S 

 31999aX & YsIBYUIY "OS 

© [eullou jsI9yUTY “OSX 6 FID 
(sso1949"q) 

4 ysioyury “os x (¢s xd 2 4d Gp?) © Ad TT 
6 [eu 

-10U JSIIYUTY “OS XK (Om, 10) OF 79 9a 

4 [euoux {2099s 


© 12X 6 309 
yeunou IIYUY 


& Bpuoyy [eusou x 3 49 9a 
(sso1949eq) 

& [eurmoux (¢s xd 9 44 Op) L a[d J] 

q—9q'dnsx 4 q—MOT]PA XK 

$¥90}s SNOUe A, 


£L6T SAAT “OT 


££-ZL6T HONOTT 


7E-TL6T SAAT 
ZE-I£6] HONOTY 


TE6T NAODHO 
If6l HONOTG 
I€6] LAAOIMS 
T€6I HONOTG 


Of6I HONOTY 
O£6I HONOTY 





ONILVA GNV XOOLS 


HOLVOILSAANIGNV 
INZHIUGdXA JO “ON 





*‘Kjuo C-] suoyvsauas sof sjojoy *syuautsagxa fo 4817 


T TIaVE 








46 HAROLD H. PLOUGH AND PHILIP T. IVES 


GENERAL SURVEY OF THE RESULTS 


While certain of the experiments were continued for as many as 10 
generations, adequate counts were available for not more than 5. It has 
seemed best therefore to summarize the results for generations 1-5 only, 
although, as will appear later, several mutations appeared in heated lines 
after the fifth generation. The summaries are given in table 2. The per- 
centage of total mutations of all types is given per culture and per total 
number of flies examined. The latter is the more significant figure in 
general since, as the table shows, fewer flies hatched per culture from 
heated than from control lines. The general conclusion to be drawn from 
table 2 is that the heat treatment caused nearly a sixfold increase in num- 
ber of mutations of all classes as compared with the controls. The dif- 
ference is unquestionably statistically significant since the chance that 
the two are identical is of the order of 250,000 to 1. 

Table 2 also makes it possible to estimate the relative frequency of the 
different sorts of mutations in the heated lines. It is obvious that there 
were only as many tests for X-linked lethals (col. a) as there were females 
whose offspring were classified into males and females. This number is 
slightly less than the total number of cultures. For X-linked visible reces- 
sives (b) the number of tests is the total number of male flies counted. For 
autosomal recessives (c) the number is that of cultures in the last three 
generations. For visible dominants (d) every fly counted is a separate test 
for such a mutation, and for chromosome aberrations (e) the number is 
the number of cultures in which crossing over percentages for at least one 
chromosome were recorded. This very rough calculation indicates that in 
the heated lines, if the frequency of dominants is taken as 1, X-linked re- 
cessives are also 1, chromosome aberrations are 42, autosomal recessives 
are 146, and X-linked lethals are about 157. There are about three times 
as many genes which may give autosomal recessives as X-linked lethals, 
so that we have here clear evidence that the latter are by far the most fre- 
quently occurring class of mutations. In addition also we have a clear 
demonstration of the fact that dominants are the least frequent mutations 
in spite of the large number recorded in these experiments. There is no 
reason to believe that the relative frequency of the different kinds of muta- 
tions is any different in these heated lines than in spontaneous mutation 
generally. 

THE MUTATIONS FOUND 


All variations revealed by careful examination of either the heated or 
control cultures were mated in pairs and their offspring continued for at 
least one further generation. If the variation reappeared it was tentatively 
classified as a mutation and a stock isolated. By the usual methods the 
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gene was then located in its proper linkage group and at its approximate 
locus. In the case of a known locus its identity or allelism was established 


TABLE 3 


List of mutations by generations. Control mutations are underlined. Roman numerals indicate linkage 








groups. Arabic numerals show experiment. 






































X-LETHALS VISIBLE VISIBLE 
GENERATION RECESSIVES DOMINANTS 
a (5) vgNos II 
(8b) Stubby (Bristle allele?) II 
 * (4) cut "1(20°19) (1) Stubby (Bristle allele)? II 
(4) vgNoi II 
(5) Bar rev. to normal I 
(7) Star allele II 
(10,) Minute allele ITI 
(10;) Trident ITI 
(102) Minute allele III 
3. (10) 1-(58 locus) (10) w-allele like blood I (1) Staralleie II 
— — —— (7) Trident (weak sooty?) IIT? 
(8b) 1-0+ ? (7) garnetI¢ (10;) vgNes IT 
(10,) 4-(32 locus) (10,) lozengeIo@7 
(10;) 1-(28 locus) (10;) rough-eye III 
(10,) 1-(48 locus) (10;) missing d. c. bristles 
(10,) 1-(54 locus) with basal ring. D? ? 
(103) 1-(28 locus) (10;) sunken thorax ? 
(103) 2-? (102) vg%es-D? II 
4. (10;) 1-(52 locus) (8b) cut"I¢" (10;) vgVo« II 
(10,) 1-? (102) brown II 
(102) black body? IT (or III?) 
(103) brown II 
a (10,) CO. inhibitor (8a) Inversion(CIIIr?) (8a) Glued III 
of ec ct g. (8b) dark-eye 1 (safranin 
allele?) II 
(9) dorso-central bristle 
missing (sc?) I 
(10;) rough I (facet?) 
(10,) balloon-wing? IT 
(10;) garnet I 
6-10. (8b) lethal II (10,) Lobe II 
(8b) white I 
(10;) rough I? 
(10;) garnet I 
Totals 
Heated 14 21 14 49 
Control 1 1 1 z 














MUTATIONS IN DROSOPHILA 49 


when the necessary stocks were available. Nearly all the sex-linked lethals 
were isolated from the final C/B experiment (No. 10) and they were lo- 
cated by crossover tests with ec-ct-g chromosomes. The complete list of 
mutations is given in table 3. This includes five which appeared in heated 
lines in generations 6-10. No doubtful cases of irregularly appearing mu- 
tants are included and wherever doubt exists as to locus, that fact is indi- 
cated by a ?. Stocks of most of the visible mutations are still available. 

In the course of the experiments, mutations came to light in both the 
experimental and the corresponding control lines, or in one or the other 
and in the stocks from which they came. In either case the mutation was 
removed from the list of mutations produced in the course of the experi- 
ments since it was probably present in the original stocks. In all, 12 dif- 
ferent mutations—several of which occurred more than once—fell into 
this group and they are listed in table 4. It is obvious that inclusion of all 
of these in either the heat line totals or in the control would have completely 
changed the picture, and it seems reasonable to inquire whether any such 
series was set aside in the very large list of mutations from heated lines 
given by GoLpscHmiptT and Jo.tos. The fact that they reported no muta- 
tions whatever from the control lines suggests that this was not done. In 
the work of MULLER (1928) special methods were used to secure mutation- 
free stocks. While that was not done in the present work, it is believed that 
adequate examination of control and stock cultures has largely eliminated 
this hazard of the method. 


TABLE 4 


List of mutations isolated from both heated and corresponding control lines. 








MUTATION 8TOCK 

1. kidney or bulge-eye —Florida wild 

2. rough-eye —black 

3. spread-wing —suppressor black 

4. blistered-wing —ec ct g 

5. translucent-eye —ec ct gXSo. Amherst wild 

6. plexus —b pre 

7. slight plexus —sc cvof 

8. trident —So. Amherst wild, C/B and others 

9. dark-eye —CIB XSo. Amherst wild 
10. dorso-central bristles missing (no basal ring)—C/B XSo. Amherst wild 
11. abdominal sclerites broken —CIB XSo. .imherst wild 

(abnormal abodmen) 

12. stubby bristles —So. Amherst wild 





It will occur to anyone familiar with Drosophila work that the method 
here outlined is not likely to have picked out all the mutations which oc- 
curred. We are certain that this is true, since a number of slight eye color 
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differences as well as other minor variations were either passed by, or 
discarded after being bred for a generation or two. In addition the per- 
sonal factor of the observer is important in the number of variations or 
mutations found. MULLER and many other Drosophilists have therefore 
given up the attempt to secure accurate data on the relative numbers of 
all classes of mutations in work on mutation rate, and confine themselves 
only to listing lethal mutations. It should be emphasized, however, that we 
set ourselves the problem of testing the Goldschmidt-Jollos technique, and 
this required listing visible as well as lethal mutations. Since adequate 
controls were run, and the same observer carried the whole of each set of 
experiments, we believe that our results give a valid estimate of the effect 
of temperature on mutation. They certainly show a minimum rather than 
a maximum effect. 

A word may be said of the only other possible source of inaccuracy in 
the number of mutations recorded, namely contamination of the cultures 
from flies outside the experiment. This possibility can never be entirely 
eliminated from a series of tests of this kind, but there is reason to believe 
that it is unimportant in the final result. Obviously it is as likely to occur 
in controls as in the heated lines, and the difference between the final per- 
centages should still be accurate. In addition more than half of the visible 
mutations—and it does not apply to lethals—were new to our laboratory; 
therefore these could not have been contaminations. Finally most of the 
mutations appeared first in single flies. If contamination had occurred it is 
likely that there would have been a considerable number of examples. Since 
most of the stocks carried in the laboratory are multiple stocks, cases of 
contamination would involve therefore several known gene series. As a 
matter of fact we recorded no case of simultaneous mutations in more than 
one gene. Seven cases of contamination were recorded in the course of the 
experiments—involving in all over 400,000 flies—and every one showed the 
presence of an echinus-cut-garnet chromosome. They all occurred in line 
(3) of experiment 10 in which a set of 100 bottles were used with cardboard 
milk bottle stoppers. These stoppers were immediately discontinued and 
cotton plugs used in all other cases. 


VISIBLE MUTATIONS 


The visible mutations listed in table 3 are classified according to their 
linkage groups in table 5. Most of the mutants are at known loci, 5 only 
appear to be new. Mention may be made of a very sharp chromosome III 
dominant, discovered by IvEs in experiment 8 and called Glued-eye. It 
shows a reduced number of facets, somewhat as in the second chromosome 
Glass, with a clear area about the eye as in MULLER’s X-ray-induced spec- 
tacled. The surface of the eye is smooth and shiny as though covered with 
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dried glue. It is located so close to Dichaete that no crossing over has oc- 
curred between the two genes in 5000 test flies. A drawing of the Glued-eye 
is shown in figure 1a. One of the Star alleles is shown in figure 1c, and a 
normal eye for comparison. 

The most frequent visible is a dominant vestigial allele called vg¥*. It 
was first discovered by SwIGERT in experiment 4. It first appeared in 
several flies with a clear notch in each wing as shown in figure 2b. In 
homozygous condition the wings are reduced to mere stubs and the bal- 
ancers are absent. It was therefore called “‘wingless.” This was kindly 





FicurE 1.—Heat-induced mutations. a—Glued-eye. b—normal-eye. c—Star-eye. 


identified for us as a vestigial allele by Dr. Orro L. Monr of Oslo, Norway, 
who describes it as follows (personal communication): “It is a new domi- 
nant allelomorph, but non-lethal in homozygous condition. In compounds 


v No 


with the weak allelomorph nicked we get large marginal incisions, 





vgn 
No 
"8 , Wings strap-like, divergent 





spade-like wings, and with notched 


45°, slightly erect scutellars, bulb of balancers rudimentary—in all like a 
weak vestigial (changed by temperature). vg¥° comes closest to MORGAN’S 
vg’¥ (no wings). It differs from it in the stronger tendency to marginal 


No 
notches and better viability when homozygous.” =e females (figure 2c) 
vgNe 
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noNo 
U 


0g 

The second 2g allele occurred about six months later in one fly of the 
first generation of the control series of experiment 5. In heterozygous mani- 
festation it is more extreme than the former, the wings being more strap- 
like (figure 2c). With some initial selection it has become a fairly constant 
strap-like stock in heterozygous condition. 


are sterile, but males are fertile. 





flies show extreme vestigial wings. 





Ficure 2.—Heat-induced mutations. a—normal wing. b-e, various vestigial alleles. 
og "1 og’*2 vg”*3 og? 
—-— c-— d- e ——a 


+ + + 








No less than three additional independent appearances of vg alleles were 
found in subsequent experiments, all in heated lines. One of these (figure 
2d) is similar to the above strap-like allele, while a second is identical with 
the allele first found. The third is much less extreme, producing only an 
occasional slight notch when heterozygous, except in a selected stock. In 
homozygous manifestation it is wingless like the others. 





~< va toes xs 





































MUTATIONS IN DROSOPHILA 53 


The summary in table 5 shows that in our heated lines there appeared: 
visible mutations in 24 loci in all chromosomes, lethal mutations in 10 


TABLE 5 


Mutations classified according to chromosomes. Mutations in control lines are underlined. 








DOMINANT LETHAL RECESSIVE 








Chromosome I 


Bar reversion 4— locus undetermined 3 garnet 
4—locus 32 2 roughened-eye (facet?) 
2—locus 28 white 
1i—locus 48 cut” 
i—locus 52 scute” 
1—locus 54 
C.O. modifier of ec ct g (w*-blood?) 
region a aa 


1—locus 58 


Chromosome II 


4 vg N° (3 different) Lethal II 2 brown 

2 Star allele *sunken thorax 

2 Stubby (BI. allele) *dark body? D? 

Lobe dark-eye (safranin allele?) 
balloon 

vgNe 





Chromosome III 
2 Minute Inversion C III r rough 
2 Trident (?) 
*Glued-eye 
Doubtful 
*missing d. c. bristles 
(basal ring present) 
Summary 
Heated Control 


TORR MUTATIONS «o.oo. cece 49 3 
J eee 34 3 
Total chromosome aberrations. . 2 0 





* Indicates new locus. 


loci (assuming 4 undetermined were different), and 2 chromosome aberra- 
tions. In the controls there were 2 visibles and 1 lethal. While the controls 
gave no duplicates, the heated lines showed many recurrent mutations. 
Of the 34 loci in the latter group which mutated at least once, 10 gave 2 or 
more mutations in the same locus, 3 gave 3 or more, and 2 gave 4. From 
these data it is possible to make a rough calculation of the re-mutation 
rate using the formula of MULLER (1929): 

Nx+1 

[x 


r (a constant) = 
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Assuming that there is an equal chance of mutation in all genes, the ratio 
of the number of genes mutating once to those mutating twice should be 
the same as that shown by those mutating twice to those mutating three 
times, et cetera. The ratios in this case are 0.29, 0.33, 0.66. The first two 
are the most significant and are not far apart, but they are two or three 
times higher than the value found by MuLLER or by GowEN (1932). Using 
the first ratio, the total number of genes indicated in all chromosomes would 
be only about 100, which is obviously lower than the known number, and 
more than 100 times lower than the total calculated by Gowen. There are 
other factors which should be taken into account to secure an accurate 
estimate, but the rough calculation is sufficient to establish the fact that 
our heated lines show a greatly increased tendency to second or third ap- 
pearances of mutations in the same loci. No such tendency has been re- 
ported in the studies of the effects of X-rays. It is of interest also that the 
loci which have re-mutated most frequently—namely vestigial and garnet 
—are not those which have previously been listed as giving the highest re- 
mutation rates as spontaneous mutations. The data indicate quite clearly 
therefore that in addition to increasing the total number of mutations, the 
heat treatment also causes certain particular genes to mutate much more 
frequently than others. 

We thus bring added confirmation to the observations of JoLttos. He 
also finds that certain particular mutations recur following heat treatment 
with greater frequency. On the other hand, the vestigial and garnet loci 
which have shown the largest number of mutations in our experiments do 
not appear in his lists. In addition he had varying results from one set of 
experiments to another. He attempts to account for these differences in 
his more recent papers (JOLLos 1932 and 1933) by suggesting that a wet 
or a dry environment may be the external agent which determines which 
genes shall respond by mutation to the effects of elevated temperature. 
This of course may be true, but until JoLtos is able to give much more ac- 
curate data on relative amounts of moisture in the different culture bottles, 
the point can certainly not be considered established. The specific muta- 
tions are—in JoLLos’s cultures as in ours—entirely unpredictable. It would 
be quite possible to make out a good case in favor of different genetic con- 
stitution as the determining factor—especially in view of TIMOFEEFF’S 
(1933) recent demonstration that the normal alleles in different stocks 
may actually be different genes. In view of the lack of agreement between 
different experiments in the specific genes affected, the only significant 
general conclusion is that the treatment with high temperature increases 
the general mutation rate. 
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NON-INHERITED SOMATIC VARIATIONS 


Since every variation noted was recorded and its offspring bred for at 
least two generations, accurate data are available on those which turned 
out to be non-genetic. The flies which were actually heated as larvae 
(generation 1) showed—as would be expected—a very large number of 
such variations which in this case were direct developmental modifications 
produced by the elevated temperature. In many cases almost every fly 
hatched showed some anomaly, and the nature of these direct effects was 
the same as were those which appeared in smaller numbers in later genera- 
tions. Actual tests showed that these anomalies were more numerous if the 
larvae were heated on the fifth and sixth day after the eggs were laid than 
at any other time in the pre-imaginal stages. Only one such direct modifica- 
tion ever gave rise to a similar mutation, namely a Stubby bristle recorded 
in table 3 as having appeared in generation 1 of experiment 8. This must 
be considered as a case of parallel induction. 

Direct effects of the elevated temperature are naturally to be expected, 
and they have little genetic significance. None of these first generation 
modifications are included in the tables given below, except in the control 


TABLE 6 
List of somatic variations, or modifications, isolated from cultures not heated as larvae. 








HEATED LINES CONTROL LINES 
*rough-eye—S0 times (various degrees) rough—15 times 
abnormal abdomen—18 straplike wing—7 
straplike wing—15 dark body—3 
blistered or balloon-wing—13 abnormal abdomen—2 
*minute bristles—12 balloon-wing—2 
small or deformed-eye—8 minute bristles—2 
*trident—7 spread-wing—2 
notch-wing—6 dwarf—2 
*forked bristles—5 dark body 
small- or miniature-wing—S short legs 
spread- or extended-wing—S 
dwarf or small fly—4 
dark-eye—3 


missing bristles—3 
crumpled wing—3 
dark body—2 
stubby bristles—2 
eye mosaics—2 
bithorax 
glassy-eye 
scarlet-eye 
reduplicated legs 
extra bristles 





* Reappeared in a few flies in later generations. 
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lines. The somatic variations appearing in later generations are of more 
interest, and a list of those recorded is given in table 6. While there are 
more in the heated lines the characters recorded for the controls are much 
the same. The most frequent in either series is rough-eye, showing varying 
degrees of disarrangement of the ommatidia. Another frequent variation 
was some form—usually unsymmetrical—of straplike (or reduced) wings. 
It is of interest that the most frequent mutations were also varying mani- 
festations of these same characters. It is entirely possible that every mu- 
tation ever found in Drosophila could occasionally be paralleled by a 
similar non-genetic variation. This fact probably has no significance other 
than that genes act at varying stages in development, and there are only 
a limited number of possible variations in an adult fly. Naturally the limits 
of mutation are the limits in the possible variability of the animal. No 
Dauermodifikationen as described by JoLLos were found, although in a 
few cases (marked * in the table) a few similar variations appeared among 
the offspring. We thus find no specificity in the modifications appearing 
following heat, nor any significant parallelism with the mutations. 

The fact of most interest in regard to the somatic variations in genera- 
tions after No. 1 is the marked excess in their numbers when the female 
parent is derived from a heated line. Table 7 summarizes these facts for 
three experiments in which the data are most adequate. It is shown that 
when both the male and the female parent, or the female parent alone, 


TABLE 7 


Summary showing the number of non-inherited variations (somatic variations) isolated and tested 
from generations not directly heated. 





PERCENT DIFFERENCE 
ponicinl os No. NO. NO. SOMATICS DIFFERENCE 
rae ie — FLIES sOMATICS = ————— HEATED—CONTROL P.E. OF DIF- 
NUMBER TIONS NO. FLIES FERENCE 





VILE +9 heated 2 9,898 58 .00585 + .00052 .00337 + .00065 5.2 
IX 92 heated 2 1,657 73 .00626 + .00049 .00517+.00059 8.7 
X +9 heated 2 6,702 42 .00627 + .00065 .00346 + .00069 5.0 
X 9 heated 2 7,407 50 .00675 + .00064 .00394+ .00068 5.8 





Total +9 and 9 





VII-X only heated 35,664 223 .00625 + .00028 .00373+.00034 11.4 
X  o' heated 2-3 45,761 116 .00253 + .00005 —.00028 + .00023 1.2 
Difference 


9 heated—c heated 
.00372 + .00029 12.9 





VII Control 2-6 7,279 18 .00248 + .00039 
IX Control 2-6 4,564 5 .00109 + .00033 
X Control 2-3. 24,197 68 .00281 + .00023 





Total Control 36,040 91 .00252 + .00018 
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were derived from a heated line their offspring show about 2.5 times as 
many obvious somatic variations as the corresponding controls. Although 
the increase in rate is less than half as great as that for mutations, the dif- 
ference is more than 11 timesits probable error. The increase is about the 
same for the total of five generations as for generation 2 alone, indicating 
that the variability has not decreased materially in the course of five 
generations. In marked contrast is the result when the male parent comes 
from a heated line and the female parent from control. Here the number of 
somatic variations is almost exactly the same as when neither parental 
line has been heated. The data thus clearly prove that a heat-induced in- 
crease in rate of production of non-genetic (in the sense of non-chromo- 
somal) variations is transmitted through female flies but not through 
males. This is to be interpreted probably as cytoplasmic inheritance. It 
indicates that the heat induces changes in the cytoplasm manifesting 
themselves as non-specific modifications, and these changes are inherited, 
at least for several generations. 


ARE MUTATIONS INDUCED AT THE TIME OF HEATING? 


Since non-inherited (or cytoplasmic) variations continue to appear in 
generations later than those actually heated, it is of interest to inquire 
whether the mutations, or gene changes, are produced directly at the time 
of the temperature change. The data on the mutations are given in table 
8. It is convenient here to classify the mutations into the four groups indi- 
cated. In all cases given here the heat was applied to generation 1 larvae. 
Since the germ cells of generation 1 develop into the flies of generation 2, 
any mutations which came to light could have been—and probably were— 
produced at the time of heating. X-linked mutations would show in male 
offspring only, and any autosomal recessives would appear only if the same 
mutation was produced in both male and female parent. Eight mutations 
actually did appear in generation 2, of which 7 were dominants and 1 a 
sex-linked recessive. (We omit from consideration the dominant—Stubby 
—which came to light in generation 1.) In generation 3, X-linked lethals 
and autosomal recessive mutations could still have been produced at the 
time of the heat in generation 1. X-linked visible recessives appearing in 
males only, and all dominants, clearly must have occurred later than the 
heat exposure. In the fourth and fifth generations only autosomal reces- 
sives could still have been carried without previous appearance from 
generation 1. All other mutations must have occurred later than the time 
of heating. It seems certain then—as the table shows—that at least 14 
(or 33 percent) of the total number of mutations in heated lines occurred 
later than the heated generation. It has already been demonstrated that 
the total number of mutations in heated lines is significantly larger than 
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that in the controls. The same is true if the generation 2 and 3 mutations 
produced at the time of the temperature change (column e) are compared 
with the controls. Comparing now the number of mutations which ap- 
peared in generations 4 and 5, but which occurred after the time of the 
heat treatment (column f) with the control number, we get a difference 
which is 2.7 times its probable error. This is certainly 2 minimum value, 
since the 5-generation 3 mutations of column f are omitted from the calcu- 
lations, as are several true somatic mutations, such as a mosaic with white 
in one eye only. There seems to be no doubt therefore that there is a sig- 
nificant excess of mutations which could not have occurred at the time of 
heating. This shows clearly that mutations—like non-genetic variations— 
are increased in number for several generations after the actual exposure 
to high temperature. Indeed our data indicate an increased mutation rate 
for generations 6-9 (table 3), but the numbers of flies were not completely 


recorded. 


Our final experiment No. 10 only gave sufficiently large numbers of 
flies and of mutations to give answers to the question as to how this in- 
creased mutability in the heated lines is passed on. The data are shown 
in table 9. It is clear that the percent of mutations per fly examined in 


Summary of mutations in experiment 10.* 


TABLE 9 














PERCENT DIFFERENCE 
LINE _ NO. = NO. MUTATIONS DIFFERENCE a 
No. it bestia FLIES ee ST HEATED—CONTROL P.E. OF DIF- 
TIONS MUTATIONS 
NO. FLIES FERENCE 
3 ot heated 
XQ heated 2-5 11220 5 .000446 + .000134 .000390 + .000137 2.9 
2  ~ o' control 
XQ heated 2-5 15755 4 .000254+ .000085 .000198 + .000089 2.2 
1 of heated 
X control 2-5 75449 20 .000265 + .000040 .000109 + .000048 2.3 
Total 
heated 102424 29 .000283 + .000035 .000227 + .000044 3:3 
Con- 
trol 2-5 36024 2 .000055 + .000026 





* This table indicates that the number of the mutations is about 5 times that of the controls 
when either o” or 2 parent is heated. When both parents are heated the number of mutations is 


nearly 9 times as great. 


generations 2-5 is the same whether the male or female line (line 1, 2) 
has been heated. When both parents come from a heated line the percent 


of mutations is very nearly doubled. None of these figures is beyond ques- 
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tion a statistically significant difference from the control, since the dif- 
ferences are between 2 and 3 times their probable error values. However, 
the total number of mutations is significantly larger than the control, 
and the trends are all consistent. We seem justified in concluding therefore 
that there is some effect of the elevated temperature which results in in- 
creased mutability in later generations, and that this is transmitted equally 
through males as well as females. This certainly means that the tempera- 
ture has an effect on certain genes in either male or female germ cells such 
that either a mutation occurs immediately, or a mutation is more likely 
to occur during the next few generations, and it is as likely to occur among 
the offspring of heated males as of heated females. 

Thus it appears that both the relative number of non-inherited varia- 
tions and the relative number of mutations is increased in several genera- 
tions subsequent to brief treatment with high temperature, but there is 
an important difference between the two. The tendency to produce more 
variations is transmitted through females only (that is, cytoplasmic), while 
the tendency to produce more mutations is carried through both males 
and females (that is, chromosomal). The original effect of the temperature 
would appear to be on the cytoplasm in the one case, and on the chromatin 
in the other, and there is no evidence that this situation is changed in suc- 
cessive generations, until the effects gradually disappear. 

It is of interest to review the previous conclusions in the light of our 
data just recorded. JoLLos reported that in certain heated lines a small 
number of non-inherited somatic variations predominated, and the same 
characters also appeared as mutations. For instance, in one experiment 
(JoLLos 1933b) an extended-wing—shown in his beautiful microphoto- 
graphs— was a frequent modification, and a mutation with extended-wings 
occurred. In another case a stock gave a number of somatic variations with 
curled-up wings, and later a Curly wing mutation (‘‘Curloid’’) appeared. 
Occasionally JoLLos found cytoplasmically transmitted cases of particular 
modifications, which he calls “lasting modifications” (Dauermodifika- 
tionen). He believes that the high temperature caused certain changes in 
the (germ cell?) cytoplasm which manifested themselves as modifications. 
These same temperature changes also occasionally brought about some 
effect on the genes which normally influence the same characters as the 
modifications. The result was a mutation having a manifestation similar 
to the modification. The idea is thus paraphrased by GoLpscumipt (1933) 
p. 547:‘*The genes produce within the protoplasm active stuffs which are of 
the same constitution as the genes themselves. Both will react in the same 
way upon (i.e., in response to?) external conditions, but those within the 


protoplasm easier than those protected within the chromosomes.” 
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JoLLos has not published sufficiently complete data to allow an inde- 
pendent judgment of the validity of his ideas, but they have been tenta- 
tively accepted by GoLpscuMipr. Our data, however, show no specific 
effect of temperature, either on modifications, or on mutations, nor is there 
a significant correspondence between the two. Indeed our data do not bear 
out the idea that the protoplasm is more easily affected by the temperature 
than the genes, if we leave out of consideration the direct effects of genera- 
no. of somatics 





tion 1. It is true that if a comparison be made between ; 
no. of flies 


from the heated male-female and heated female lines of table 7, and 


no. of mutations , . : 
in the heated lines of table 2, the rate of occurrence of 





no. of flies 
somatics (0.00625) appears to be more than two hundred fifty times greater 
than that of mutations (0.000024). Such a comparison is entirely inac- 
curate however, since it does not take into account the number of tests 
involved. All flies are tests for modifications, but the approximate number 
of tests for mutations is given by the sum of the rates for the different 
classes of mutations in table 2, column a-e (0.02428). The rate of mutation 
thus secured is nearly four times the rate of somatic variations, but the 
difference is not significant because of the small number of mutation tests 
in certain classes. Taken in conjunction with the fact already noted that 
heating increases the number of somatics less than half as much as muta- 
tions, these figures indicate that mutations in heated lines actually occur 
more frequently per gene than do protoplasmic variations per cell. There is 
certainly no evidence that both genes and cytoplasm react in the same 
specific way under external conditions, and no evidence that “‘the genes 
produce within the cytoplasm stuffs of the same constitution as the genes 
themselves.” 

Finally our data completely disprove the theory urged by Just (1932) 
and reviewed on an earlier page. He held that the cytoplasm responded to 
external changes, and that the cytoplasmic modifications reacted on the 
chromatin to produce mutations. Our data show that the tendency to 
produce an increased number of somatic modifications following heat is 
carried over by females only, while the increased rate of mutation is 
carried over by both males and females. The female gametes have large 
amounts of cytoplasm, while male gametes have little or none. There is no 
difference in the chromatin. Were the mutations always preceded by cyto- 
plasmic modifications, the increased mutation rate should appear among 
the offspring of females only. Since it appears in the offspring of both 
sexes, we may conclude that the effect of heat is directly on the chromatin. 
Thus heat appears to affect both cytoplasm and chromatin independently. 
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THE EFFECT OF SUB-LETHAL TEMPERATURE ON CROSSING OVER 


Some years ago PLouGH showed that exposure of the female parent 
to temperatures above and below 25° resulted in increased crossing 
over among the offspring in certain sections of chromosomes II and III 
(PLoucH 1917 and 1921). The maximum temperature used in this study 
was 33°, but GoLpscuMipt’s work showed that brief exposures to still higher 
temperatures were possible. It was therefore of interest to discover if such 
brief exposures also increased crossing over, and if so whether such in- 
creased values were transmitted as was the tendency to produce somatic 
variations. 

The first question was answered by the work of R. C. McGown, Jr., 
part of which he kindly allows us to quote, since it is still unpublished. 
He ran a very extensive series of tests using black-vestigial stock crossed 
to Bristle. (See experiment 5, table 1.) Part of the results are summarized 
in section A, table 10. It is conclusively shown that even so short an 
exposure as 4 hours at 38° gives a marked increase in crossing over for the 
Bristle-vestigial region of chromosome II. This indicates that extreme 
temperatures affect crossing over like X-radiation, since the effect of 4 
hours exposure shows itself among the offspring for at least 12 days. Obvi- 
ously here, as with the X-ray effect, a change occurs in the chromosomes 
long before the actual stage of crossing over itself. 

Each of us has run several series of tests to determine if this extreme 
elevation in the crossing over values is inherited. Selected parts of the ten 
day brood data are summarized in sections B and C, table 10. Section B 
shows.a significant increase in crossing over for the echinus-cut region of 
chromosome I, not only in the offspring of heated females, but also in the 
following generation without further treatment. In the fourth generation 
this effect has disappeared. In section C similar crossing over data for the 
black-purple region of chromosome II are given. While the increases 
shown here are less consistent, nevertheless there are indications of a 
cumulative increase after repeated heat treatments in successive genera- 
tions. These with other data of the same kind suggest that the heat- 
induced increase in crossing over in “sensitive” chromosome regions tends 
to persist for one or more generations after the exposure to heat, in much 
the same way as does the tendency to produce modifications and muta- 
tions. 


SIGNIFICANCE OF THE RESULTS FOR EVOLUTIONARY THEORY 


Joxtos (1931) believes that his results prove not only that an agent in 
the natural environment—high temperature—induces mutations, but 
that it has a directive influence. He finds that successive exposures of flies 
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TABLE 10 
Summary showing effects on crossing over of short exposures of larvae to sub-lethal temperatures. 


A. Percent of crossing over for Bristle-vestigial region chromosome II. Second generation only— 
Data of R. C. McGown, Jr. 





FEMALE PARENTS AT 25° EXCEPT AS INDICATED 











ia as ists cmae'< 32° C ror 24 urs. on 36°C FoR 24HRS.ON 38°C FoR 4 HRS. ON 

5-6 pay 5-6 pay 6TH DaY 
2 6.5+.4 10+:5 3.1+ 5 9:62 .3 
4 6.1+.4 5.6+.4 6.2+.4 9.0+.4 
6 5.64.3 4.5+.3 6.9+.4 8.94.4 
8 7.0+ .3 5.84.3 9.62.5 9.34.4 
10 6.7+.3 $34.5 10.3+.6 8.84.5 
12 7.74.3 7.34.4 10.1+.7 8.24.5 





B. Percent of crossing over for echinus-cut region of chromosome I in successive generations. 
Data of P. T. IVES 








GENERATIONS 
TREATMENT ————— —_—_— —— 





nN 
ca 








Controls 25°C Total 14.8+ .3 





Heated generation 1 only 16.4+ .3 16.4+.5 14.7+.5 





C. Percent of crossing over for black-pur ple region of chromosome II in successive generations. 
Data of H. H. PLOUGH 





GENERATIONS 
TREATMENT - - —_—_—_— —_ — 








2 3 3 5 
Controls 25°C Total 04.0+ .29 
Heated 

Generation 1 05.3+.4 02.4+ .3 02.6+.3 03.3+.3 
Heated 

Generation 1, 3 04.8+.3 68.24 .3 
Heated 

Generation 1, 3, 4 07.7+.4 











Note:—In the heated lines values which show significant increases over the controls are 
underlined. 


carrying the mutations first induced show allelic mutations in a step-by- 
step series to an extreme condition. He points out in a footnote (p. 282) 
that this does not mean that the series of changes would be limited to those 
whose genes are known to show a series of multiple alleles, for it may be as- 
sumed that all genes may show several alternative conditions. He contends 
therefore that short exposures to high temperature bring about the ap- 
pearance of a graded series of characters, not necessarily adaptive, which 
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are then subjected to the sorting action of natural selection. Those which 
have survival value will be preserved, and because of their appearance in 
successive steps, the end result will be a straight line or orthogenetic series. 
Paleontologists have cited many supposed cases of such orthogenetic evo- 
lution, and JOLLos refers especially to the studies of SEWERTzOFF showing 
a step-by-step reduction of the limbs in the snake-like lizards. 

Interesting as this argument is, it will not stand the test of detailed 
analysis. With the initial statement that short exposures to sub-lethal tem- 
perature induce mutations we agree, since our results clearly confirm those 
of GoLDscHMIDT and JOLLOs in this respect, and indeed MuLteR (1928) 
had already published data indicating such a result before GoLDscHMIDT’s 
publication appeared. The second contention of JoLtos that high tempera- 
ture has an influence on the direction of evolution by the particular muta- 
tions induced can be true only if a// natural mutations are induced by 
temperature changes. Now it is probable that a certain portion of natural 
or spontaneous mutations are so produced, but hardly all of them. Radia- 
tion—X and ultra-violet-—and perhaps chemical agents may be expected 
to induce a certain fraction of natural mutations. We have found 3 muta- 
tions in 73,000 control flies kept at constant temperature, and there are 
dozens of “‘spontaneous” mutations which have appeared in cultures 
carried under similar controlled conditions. If a portion of the natural 
mutations arise from other causes, then all the different kinds of mutant 
alleles may be expected to appear during a long interval of time. High 
temperature then merely increases the rate of mutation for all or for cer- 
tain specific genes. The mathematical result of an increase in mutation rate 
in a population subject to natural selection has been analyzed independ- 
ently by HALDANE, FIsHER and Wricut. Each one has reached the con- 
clusion that there could be no appreciable effects on the direction of evolu- 
tion. 

There are two classes of mutations involved. First there may be muta- 
tions which confer a definite advantage on their possessors in natural selec- 
tion. In his book The Genetical Theory of Natural Selection (1930) FISHER 
concludes (p. 77): “‘A mutation, even if favorable, will have only a very 
small chance of establishing itself, if it occurs once only. If its selective 
advantage is only 1%, it may well have to occur 50 times, but scarcely in 
mature individuals as many as 250 times, before it establishes itself in 
sufficient numbers for its future prospects to be secure . . . . Consequently 
the success of such a mutation must become established at a time when 
the mutation rate of the mutation in question is extremely low.” 

The important point for our discussion is that mutations conferring a 
selective advantage may be expected to survive and to increase in numbers 
when the mutation rate is very low and thus quite independently of the 
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increased rate due to heat. Natural selection determines the survival of 
advantageous mutations, and heating would not change the situation. 

The second class of mutations are those which are neutral or slightly 
disadvantageous to their possessors in competition. The JoLLos idea means 
here that such mutations appear with sufficient frequency to increase in 
numbers against selection. The mathematical situation involved was first 
adequately analyzed by HALDANE, and is summarized in his book The 
Causes of Evolution (1932). He shows that mutants which are even slightly 
disadvantageous will not increase unless the frequency of appearance 
exceeds the tendency of selection to favor the original type. He concludes 
(p. 109) :““Even under the extreme conditions of MULLER’s X-ray experi- 
ments, when mutation was a hundred and fifty times more frequent than 
normal, a disadvantage of one in two thousand would have kept any of the 
new recessive types quite rare.” 

JoLtos has given no data from which to calculate either the frequency of 
appearance or the increase in rate of mutation over the controls. Our 
summary in table 2 shows that frequency of appearance for all recessive 
autosomal mutations is in the neighborhood of 1 in 100, while no single 
mutation even approaches this rate. The general increase in mutation 
rate is between 5 and 6 times. Thus neither index shows an increase in mu- 
tation rate sufficient to overcome even a slight adverse selection. 

If the increase in mutation rate has no influence on the survival of favor- 
able mutations, and is insufficient to preserve neutral or unfavorable ones, 
the contentions of JoLLos as to the directive effect of temperature on evo- 
lution are groundless. To quote from FISHER (p. 48): “It has been seen . . . 
that it is scarcely possible . . . to ascribe to mutations any importance in 
determining the direction of evolutionary change; their importance in evolu- 
tion lies in playing the very different role of maintaining the stock of genetic 
variance at a certain level, which level in its turn is a factor in determin- 
ing the speed, though not the direction of evolutionary progress.”’ (Italics ours.) 

Precisely this conclusion may be applied to the effect of temperature. A 
general increase in mutation rate could increase the speed of evolution, but 
it can have no directive influence whatever. 

Although it is apparent from the above discussion that the results which 
Jottos has observed cannot be expected to bring about the effects on evo- 
lution which he claims, it is reasonable to point out that our data do not 
bear out his conclusion that heating produces a step-by-step series of alleles. 
He cites in particular two cases (1930 and 1931). The first is the white 
series and the second the ebony alleles. In each case he found in heated 
stocks one of the “weaker”? members of the allelic series, and following 
successive exposures to heat isolated successively “‘stronger”’ allelic genes 
in the series. Specifically, W(+) gave successively w* (eosin), then 
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“yellow” eye color, then “ivory” eye, and finally white, while “‘weakest 
sooty” gave “‘weak sooty” and so on to sooty or ebony. While it is possible 
that high temperature may tend to cause gene changes in a particular 
direction, in our cultures no evidence of such an effect was found. The one 
mutation in the W gene which appeared in a heated culture was w or white 
itself, while in a control culture we found w*! (blood) which is a very 
“‘weak’’ member of the series. The work of MULLER (1920) and more re- 
cently of TrmoFrEEFF (1932) has shown that mutations in the white locus 
tend to occur more frequently in the direction W—w, and GoLpscHMIDT’s 
original report lists white as one of the first heat-induced mutations. Since 
probability favors the finding of a series such as JoLLos isolated, it seems 
more reasonable to suppose that heating simply speeds up mutation in 
a way already determined by the chemical architecture of the gene. 

Without in any way questioning JoLLos’s observations on the sooty 
series, we suggest that it is not an easy matter to determine the allelism 
of the intermediate conditions. We isolated two separate black trident 
stocks from heated lines exactly resembling the ‘‘weak sooty” of JoLLos in 
appearance. The condition seemed to be caused by a multiple factor com- 
plex, at least one of the genes of which was located in chromosome III, but 
not at the sooty locus. Heating of these stocks during three successive 
generations gave no enhanced mutations, but selection of the darkest in- 
dividuals gave a markedly darker average grade as long as selection was 
maintained. If a true sooty mutation had occurred in these stocks almost 
the same series described by JoLLos would have been repeated. Actually, 
however, a black-bodied mutant appeared in an entirely different heated 
line. Finally we should emphasize that at the vestigial locus we found four 
separate mutations in heated lines, and one in the controls. Mour (1932) 
has demonstrated the existence of a graded series of alleles for this gene. 
Nevertheless our mutants were all extreme alleles, and each was derived 
from normal parents. It is legitimate, in view of these results, to question 
the significance of JoLLos’s findings in the sooty or similar series. 

In a recent very thought-provoking discussion WricHT (1932) indicates 
“that evolution depends on a balance among its factors,”” among which 
are a certain rate of mutation, a moderate amount of selection, a certain 
ratio of inbreeding. Disturbance of this balance by increasing any one 
factor would not, he believes, lead to more rapid evolution. Since frequent 
fluctuations in temperature are normal in the environment of a species 
like Drosophila, it may reasonably be assumed that they constitute an 
important factor in maintaining a certain mutation rate in nature. Ap- 
parently the only significant fact for evolutionary theory suggested by 
these studies of JoLtos, and ourselves, is that one element in the equi- 
librium required for evolutionary change, namely a certain mutation rate, 
may be maintained by temperature variations in the natural environment. 
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SUMMARY 


1. Ten separate experiments were run to test the GoLpscHMIDT-JOLLOS 
method for the induction of mutations in Drosophila melanogaster by brief 
exposures of larvae to sub-lethal high temperature. The results definitely 
confirm the findings of GoLtpscumipt and Jottos that the treatment in- 
creases the number of mutations. 

2. A total of 186,000 flies from five generations of lines heated once 
yielded 44 mutations, while 73,000 control flies from the same lines gave 
only 3 mutations. The rate of mutation was thus increased about sixfold. 

3. Classification of the different kinds of mutations from the heated 
lines showed in comparison with the number of tests made that sex-linked 
lethals were the most frequent, then autosomal recessives, next chromo- 
somal aberrations and finally sex-linked recessives and visible dominants. 

4. Several new visible mutations were found, including Glued-eye, a 
chromosome III dominant lethal when homozygous; and a new vestigial 
allele, vg¥°, a dominant notch, which is wingless in homozygous condition. 

5. Of 34 loci showing mutations, 10 gave 2 or more re-mutations, 3 oc- 
curred 3 times, and 2 appeared 4 times. This indicates that the heat tends 
to induce mutations in some genes more than others. None of these genes 
were the same as those found by JoLtos to give recurrent mutations. 

6. Non-inherited somatic variations among the offspring of heated fe- 
males were 2.5 more frequent than in the control lines. When only the male 
parent was heated, however, no increase in somatic variations was found. 
The increase thus appears to have been due to inherited cytoplasmic 
effects. 

7. Tabulation of the mutations by classes and generations showed that at 
least one-third must have occurred later than the time of exposure to high 
temperature. This suggests some effect on certain genes which is in- 
herited and later results in mutations. An equal number of mutations ap- 
peared among the offspring of heated males and heated females. 

8. No cases of Dauermodifikationen were observed, nor was there any 
significant correspondence between non-inherited variations and the muta- 
tions which appeared. This fact makes doubtful JoLtos’s conception that 
cytoplasm and the “corresponding” genes react in the same way to ex- 
ternal conditions. Rather, high temperature appears to produce an inde- 
pendent increase in rate of both cytoplasmic modifications and mutations. 

9. The inherited effect of temperature in producing modifications was 
transmitted through females only (6) and that producing mutations through 
both males and females (7). These facts disprove Just’s contention that 
external agents act first on the cytoplasm and the changed cytoplasm in 
turn on the chromatin. 
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10. The brief treatment with sub-lethal high temperature caused a 
marked increase in crossing over in certain regions of chromosome II which 
showed itself among theoffspring for ten days. In this it resembled the effect 
of X-radiation. The increased crossing over caused by heat treatment 
showed a tendency to be carried over for one generation, as in the case 
of modifications and mutations. 

11. Treatment of successive generations with high temperature gave no 
evidence of the production of a step-by-step series of alleles as reported by 
JoLLos. 

12. The increase in the rate of mutation found in these experiments is 
entirely inadequate to cause survival of any particular mutation if it is 
even slightly disadvantageous in competition. Thus the claim of JoLLos 
that high temperature would bring about orthogenetic evolution is with- 
out foundation. 

13. It is suggested that temperature variation may be one cause of 
natural mutations. 
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INTRODUCTION 


Chromosomal interchanges, or reciprocal translocations, in maize are of 
primary interest because of the opportunities they offer for the study of 
chromosome behavior and crossing over. The great volume of work which 
has been done on crossing over and on translocations in Drosophila has 
yielded an abundance of statistical data on crossing over and chromosome 
distribution. For this type of work Drosophila is admirably adapted, and 
great advances in the statistical analysis of crossing over not only have 
been made but continue still to be made. But for the cytological study of 
the chromosomal basis of crossing over, Drosophila is less well adapted. 
Maize, on the other hand, while not so well fitted for crossing over statis- 
tics, has the exceptional merit of being excellent material for the cytologi- 
cal study of the earlier stages of meiosis. This presents the opportunity of 
making studies on the chromosome mechanism in which crossing over 
statistics and cytological observations are intimately correlated. A begin- 
ning has already been made as for example in the studies on the behavior 
of ring fragments (McCirntock 1932b) and on crossing over in the ninth 
chromosome (CREIGHTON and McCiintock 1931), in interchange T8—9 
(BURNHAM 1934c), in maize-teosinte hybrids (BEADLE 1932a) and in 
trisomics (RHOADES 1933a). But in order to take full advantage of the 
opportunities presented, it is first necessary to build up a fair knowledge 
of such items as the location of given genes on the observed chromosome 
thread, and the linkage relationships of conspicuous markers on the 
chromosomes; also to make available means of marking or of controlling 
desired portions of chromosomes. 

For building up the required groundwork chromosomal interchanges are 
of especial value. The synaptic pairing of the interchanged chromosomes 
with their normal homologs may be observed at mid-prophase when the 
chromosomes are spun out as long thin threads with their finer structures 
most clearly visible and with the homologous threads closely conjugated. 
This makes it possible to determine rather accurately the correspondence 
of loci on the linkage maps with visible points on the chromosomes them- 
selves, and prepares the way for direct observation of the stages immedi- 
ately following crossing over. Interchanges are also of great value as means 
of marking or controlling chromosomes or parts of chromosomes which are 
being studied. 
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The need of a combined genetical and cytological study of an extensive 
series of interchanges in maize led the writer to assemble a large number of 
cultures from partially sterile plants, mostly from X-ray treatment. Those 
which gave consistent rings or chains of chromosomes at diakinesis have 
been subjected to tests for the chromosomes involved in the interchange. 
The purpose of this paper is to summarize these tests and to establish the 
chromosome constitution of each of the interchanges. Studies are in 
progress on the prophase cytology and linkage relationships. Reports on 
these studies will follow as the studies are completed. 

The writer wishes to acknowledge his indebtedness to Dr. C. R. Burn- 
HAM for the use of his unpublished interchanges as testers, and to Miss 
GERTRUDE GEERTSEN, laboratory technician, whose skill and industry 
have made possible the large number of microscopic preparations required. 


GENERAL CHARACTERISTICS OF INTERCHANGES IN MAIZE 


The behavior of interchanges may be illustrated by a brief review of 
some of the earlier reported cases. Semisterile-1 (T1—2a), reported by 
BRINK (1927) and later studied by Brink and BuRNHAM (1929), BRINK 
and Cooper (1931, 1932a) and Cooper and Brink (1931) is a typical 
example. The chromosomes involved are No. 1 and No. 2. The semisterile 
plants are heterozygous for the interchange. When se’ted ey give fifty 
percent of semisterile plants, and fifty percent of nori.is. But the nor- 
mals are of two types, (1) ordinary or standard normals having only 
normal chromosomes and giving fully fertile plants in outcrosses to stand- 
ard stocks, and (2) homozygous interchanges (X-normals) having both 
interchanged chromosomes homozygous and giving only semisterile plants 
in outcrosses to standard stocks. These homozygous interchange plants 
are normal, fully fertile plants not visibly different from the ordinary 
standard normals. 

In the heterozygous interchange (semisterile) plants, the distribution 
of the interchange chromosomes and the corresponding normal chromo- 
somes is such that one-half of the spores receive a normal and an inter- 
change chromosome, one-fourth receive both normal, and one-fourth both 
interchange chromosomes. The two classes have all parts of both chromo- 
somes represented and are viable. The spores receiving a normal and an 
interchange chromosome are deficient for a portion of one chromosome 
whereas a portion of the other is duplicated. These fail to form normal pol- 
len grains and appear as empty or starch-free abortive grains. The elimina- 
tion of these types of spores makes the interchange appear to be trans- 
mitted as a single unit. Crossing over may occur between an interchange 
chromosome and its normal homolog at any point. The interchange may 
thus be followed in linkage tests by means of the semisterility, which be- 
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haves in outcrosses like a dominant gene at the locus of the interchange in 
both linkage maps. 

Cytological examination shows a cross-shaped figure at mid-prophase 
with a change of partners at the cross or point of interchange. At all points 
homologs are paired as in normal chromosomes. The chromosomes begin 
separating at late pachytene or diplotene, continuing separation until at 
diakinesis only the ends remain joined. By this stage the chromosomes 
have also shortened and thickened, giving the typical ring configurations 
characteristic of interchanges. At anaphase these rings separate or are 
pulled apart, two chromosomes going normally to each pole. 

Semisterile-2 (T8-9a) has been studied in more detail by BuRNHAM 
(1930, 1934c), McCiintock (1930, 1931a) and CREIGHTON and Mc- 
CiinTock (1931). It differs from semisterile-1 in showing somewhat more 
pollen sterility (59 percent). The chromosome distribution is a little more 
irregular, figures often showing three of the chromosomes from the ring 
going to one pole and one to the other. The ring occasionally opens into 
a chain of four chromosomes at diakinesis. 

A low sterile described by BuRNHAM (1932a) differs in that it forms 
chains consistently but never rings. The interchange has taken place in 
the satellite of chromosome 6. The point of interchange was within one 
or two chromomeres of the end of the chromosome. The interchanged end 
of the satellite did not show pairing with the normal satellite. This gave a 
T-shaped pachytene figure, opening out to form a chain of diakinesis. One 
of the duplicate-deficient classes of spores lacked only a few chromomeres 
of having all parts of the chromosomes represented and did not form 
visibly bad pollen. A low sterile not involving chromosome 6 has been 
described by Brink and Cooper (1932c). 

A more extreme case has been described by CLARKE and ANDERSON 
(1934) in which chains are found in only a portion of the diakinesis figures, 
the majority showing two slightly unequal “pairs.”” Here the interchange 
is also in the satellite of chromosome 6 and likewise near the end of chromo- 
some 3. The visible sterility is again about 25 percent. 

Two interchanges reported by BuRNHAM (1932b, 1934a) show a great 
amount of non-homologous pairing (see also McCiintock 1932a, 1933). 
Such non-homologous pairing is rather frequent in many of the inter- 
changes and is generally associated with a reduction of crossing over. 

In crosses with teosinte (Euchlaena mexicana) where no crossing over 
takes place in the short arm of chromosome 9, semisterile-2 (T8-9a) sel- 
dom shows ring configuration. Most of the diakinesis and metaphase 
figures show either a chain of four or two unequal “pairs” (BEADLE 1932a). 

The above types show the range of variation among the interchanges 
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studied. A complete list with citations to literature is included in the cata- 
log of interchanges on page 77. 


TERMINOLOGY 


The large number of interchanges now being investigated in maize 
makes it convenient to apply a uniform set of names or symbols for them. 
The capital letter T will be used as a general designation of interchanges. 
It will be used in the same way that we ordinarily use the gene symbol for 
a dominant gene. The specific interchange will be designated by numbers 
which indicate the chromosomes involved. These may be followed by the 
letters a, b, c, etc. when dealing with more than one interchange between 
the same chromosomes. 

The ten chromosomes of maize are numbered from the longest to the 
shortest. The following list gives the linkage group associated with each 
chromosome. 


1. P br f bm, 5. bm, pr v 8. 7 

2. lg B sk v% 6. Y Pl sm 9. ygoc sh wx 
3. ana ts, 7. gh ra 10. Rgnl 

4. su Tu gls 


SOURCES OF MATERIAL 


Most of the interchanges reported in this paper came from four lots of 
mature seed submitted to X-rays. Details of treatment dosage and sources 
of interchanges are given in the appendix. The seed was grown and the 
plants selfed. Ears which did not look well-filled were selected for further 
study. The plants from these ears were examined for pollen sterility. Each 
culture giving partially sterile plants was given an index number under 
which it appears in table 1 and in the appendix. 

A few additional interchanges were obtained from other sources. Of 
those listed in table 1, No. 52 was obtained by Dr. L. J. STADLER, also from 
X-ray treatment; Nos. 33, 122, and 133 were picked up from untreated 
stocks; and No. 129 was obtained by Dr. G. W. BEADLE from his “sticky 
chromosome”’ line (BEADLE 1932b). The writer is indebted to Dr. STADLER 
and Dr. BEADLE for the two semisterile lines obtained from them. 


METHOD OF IDENTIFICATION OF CHROMOSOMES 


The new interchanges were crossed with a series of tester stocks each 
homozygous for a known interchange. The F; plants were examined for 
chromosome configuration at diakinesis. When two interchanges are com- 
bined in heterozygous form, there will be obtained a ring or group of six 
chromosomes at diakinesis if one chromosome is in common. If the two 
interchanges involve no common chromosome, two separate rings of four 
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will be obtained. Eight interchanges were chosen from among the limited 
number available at the time for use as testers. They were available in 
homozygous form or could be gotten in homozygous condition very 
quickly. 

T1-—2 Semisterile-1 Brinx 1927 

T8-9 Semisterile-2 BurNHAmM 1930 

T1-7 Semisterile-3 BuRNHAM 1930 

T4-8 Culture 6467 ANDERSON and CLOKEY 1934 

T3-9 Culture 6465 ANDERSON and CLOKEY 1934 

T5-7 Semisterile-6 BuRNHAM unpublished 

T4-5 Culture 6472 ANDERSON and CLOKEY 1934 

T2-3 Semisterile-7 BUuRNHAM unpublished 


The above tests furnish ready means of identifying all chromosomes ex- 
cept 6 and 10. Chromosome 6, the satellited chromosome, is attached to 
the nucleolus. The attachment of the ring to the nucleolus served to 
identify chromosome 6 as one member of the interchange. Chromosome 10 
was determined by elimination and also by examination of the free pairs 
at diakinesis. This was usually done in the intercrosses with T8—9 where 
the two next smallest chromosomes were included in the ring. The small 
size and rather characteristic appearance of chromosome 10 served to 
identify it. 

In the course of further work on these interchanges, more detailed 
studies are made at the mid-prophase or pachytene stage. At this stage it 
is possible to recognize each of the chromosomes. These prophase studies 
thus serve to verify the chromosome identifications. Likewise the identifi- 
cations are verified when genetic data are obtained showing linkage of the 
semisterility with genes of the corresponding linkage groups. 


DATA 


Table 1 presents a summary of the data from diakinesis examinations 
of the crosses of the new interchanges with the testers. The chromosome 
configurations or groupings are indicated by “4+4” for two rings or 
chains of four chromosomes each plus six pairs, and by “6” for a ring or 
chain of six chromosomes plus seven pairs. Under the column marked 
“satellite” a plus sign indicates that the satellited chromosome (No. 6) is 
included in the ring as shown by the attachment of the ring to the nucleo- 
lus. Under ‘‘No. 10” a plus sign indicates that chromosome 10 is involved 
in the interchange, as determined by examination of the free chromosomes, 
usually in crosses with tester T8—9. In each case this can also be shown by 
elimination. Where the chromosomes involved have also been identified 
by means of mid-prophase studies or by means of linkage tests, the chro- 
mosomes so identified are listed in the last two columns. 





TABLE 1 
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Chromosome configurations in crosses of new interchanges with known interchange testers. 





INDEX 
NO. 


TESTER 





CHROMO- 


BATEL- NO. 10 SOMES 


LITE 


In- 


IDENTI- 
FIED BY 


IDENTI- 
FIED CY- 


LINE- TOLOGI- 





T1-2 T8-9 T1-7 T4-8 T3-9 T5-7 T4-5 T2-3 
VOLVED AGE CALLY 
11 6 444 4+4 6 444 444 —- 1-7 1,7 
12 6 444 6 444 6 444 6 _ 3 1,3 
13 444 6 444 6 6 6 _ 49 9 4,9 
144 444 444 444 6 444 6 _ 45 45 
15 444 444 444 444 444 6 — + 310 3,10 
16 444 6 444 6 444 444 444 444 -— + 8410 8,10 8,10 
17 6 444 6 444 444 444 6 _ a7 «(3 2,7 
18 444 444 444 444 6 444 444 - + $00 38 
19 6 444 444 444 6 444 444 _ 2-3 2 2,3 
20 444 444 444 444 6 6 +#4-°'°=- + 50 5S 
21 444 6 #444 6 444 6 é$ 456 + se 5&8 
22 444 6 444 6 444 444 444 444 -— + 8410 8,10 
23 444 444 444 444444 + + 6410 6,10 6,10 
24 #6 #444 6 444 6 6 4 = 1-5 
2 6 444 6 444 444 6 444 6 - 27 2,7 
26 444 444 444 444 —- + 30 
27 444 444 6 444 6 444 6 _ 37 3,7 
28 444 444 444 6 6 6 _ +5 3,5 
29 444 6 444 444 444 6 - 1-2 
30 444 444 444 444 444 444 + 36 6 
31 444 6 4+4 444 6 - 3-9 3,9 
32 6 «46444 6 444 6 si = Ss S§ 
ae 44+4 444 444 6 oo 26 2,6 2,6 
356 6 6 444 6 444 444 444 —- 1-9 9 
36 444 444 444 6 444 444 + 4-6 
37 444 6 444 6 + 46 4,6 4,6 





6 
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TABLE 1 (Continued) 


Chromosome configurations in crosses of new interchanges with known interchange testers. 








INDEX TESTER CHROMO- IDENTI- IDENTI- 
SATEL- 

No.10 SOMES FIED BY FIED CY- 

wo. TI-2 TSO TI-7 TeS8 13-9 15-7 Te5 1T23 “™ IN- _LINK- _TOLOGI- 


VOLVED AGE CALLY 





83 444 4+4 6 6 44+4 444 — 8-9 

84 444 6 6 444 444 444 — + 810 8 

85 444 444 444 4+4 6 - + 410 10 

87 6 444 6 444 6 4+44 - 1-3 

88 44+4 444 6 444 444 6 6 - 24 

90 6 444 444 444 6 444 444 - 23 3 

94 444 6 444 444 6 444 _ + 9910 9,10 

101 6 444 444 6 444 444 6 6 - 24 

103 6 4+4 44+4 444 6 444 444 —-— 1-7 1,7 
111 444 6 4+4 6 444 + 6-8 6,8 6,8 
118 6 4+4+4 444 444 6 444 444 _ 2-3 

119 444 6 444 444 6 + 69 6,9 6,9 
122 6 444 6 6 444 444 6 444 —-— 14 

129 6 444 444 6 444 6 6 _ 24 2,4 

133 4+4 444 444 6 444 6 - + 3-10 

136 44+4 444 6 444 444 6 444 - - 

137 444 444 6 6 444 6 6 444 —- 47 





In addition to the above interchanges there were obtained from the 
X-rayed cultures a number of partial sterile lines which did not con- 
sistently show rings or chains of chromosomes at diakinesis. These range 
from fairly good semisteriles to low steriles and to types with part of the 
pollen small and often incompletely filled. One such culture has been 
studied (CLARKE and ANDERSON 1934) and shown to be an interchange 
involving the satellite of chromosome 6 and the end of the long arm of 
chromosome 3. It is probable that many of the others are also interchanges 
occurring so near tk > ends of the chromosomes that a chromosome ring is 
either not formed or is so loosely held together that it most frequently 
separates into two “pairs.” 


CATALOG OF KNOWN INTERCHANGES IN MAIZE 


The following list is arranged in the order of the chromosomes involved. 
It has been aimed to include as far as possible all interchanges where the 
chromosomes involved are known. In assigning the order of interchanges 
involving the same chromosome combinations, priority has in general 
been followed for previously published cases. Within the writer’s own 
material an attempt has been made to list them in their order of con- 
venience or usefulness, with clear-cut semisteriles preceding low steriles. 
References are given for all except those described in this paper. Some 
incidental information on these interchanges may be found in papers on 
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other subjects (BRINK 1932, Brink and Cooper 1932b, BuRNHAM 1934b). 
A number of papers dealing with the production (SPRAGUE 1930, STADLER 
1931, BEADLE 1932b) or cytology (McC intock 1931b, 1933) of chromo- 
some aberrations mention interchanges not included in this catalog. 








SYMBOL OLD NAME OR NUMBER REFERENCES 

T1-2a Semisterile-1 Brink 1927, Brink and BurN#AM 1929, Brink 
and Cooper 1931, 1932a, Cooper and BRINK 
1931 

T1-2b 29 

Tl-3a 12 

T1-3b 58 

T1-3c 74 

T1-3d 87 

Ti4 122 

T1-5a 24 

T1-5b 32 

T1-5c 40 

T1-6a Semisterile-5 Cooper and Brinx 1931, Brink and Cooper 
1932a 

T1-6b Low sterile BuRNHAM 1932a 

T1-7a Semisterile-3 BuRNHAM 1930 

T1-7b 11 

T1-7c 73 

T1-7d 103 

T1-9a 35 

T1-9b 77 

T1-9c 43 

T1-10a 6466 ANDERSON and CLoKEy 1934 

T1-10b 64 

T2-3a Semisterile-7 BuRNHAM, unpublished 

T2-3b 19 

T2-3c 90 

T2-3d 118 

T24a 42 

T2-4b 88 

T2-4c 101 

T24d 129 

T2-5a Semisterile-4 R#oapEs 1931, 1933 

T2-5b 75 

T2-6a _ BuRNHAM 1932b 

T2-6b 6471 ANDERSON and CLOKEy 1934 

T2-6c 33 

T2-6d 41 

T2-6e 80 

T2-7a 17 

T2-7b 25 

T2-7c 69 

T2-8 78 

T2-9a 6460 ANDERSON and CLoxey 1934 

T2-9b 76 


T2-10 6473 ANDERSON and CLOKEY 1934 
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SYMBOL 


OLD NAME OR NUMBER 


REFERENCES 





T3-5a 
T3-5b 
T3-5c 
T3-6a 
T3-6b 
T3-7a 
T3-7b 
T3-8a 
T3-8b 
T3-9a 
T3-9b 
T3-10a 
T3-10b 
T3-10c 
T3-10d 
T4-5a 
T4-5b 
T4-5c 
T4-5d 
T4-6a 
T4-6b 
T4-6c 
T47 
T4-8 
T4-9a 
T4-9b 
T4-10a 
T4-10b 
T5-6 
T5-7a 
T5-7b 
T5-7c 
T5-8 
T5-9 
T5-10 
T6-8 
T6-9a 
T6-9b 
T6-10 
T8-9a 


T8-9b 
T8-10a 
T8-10b 
T8-10c 
T8-10d 
T9-10 


6468 
28 
52 


85 

6452 
Semisterile-6 

6475 

136 

21 

20 

111 

6470 

119 

23 
Semisterile-2 


m-sterile 


ANDERSON and CLoKEy 1934 


CLARKE and ANDERSON 1934 
ANDERSON and CLoKEy 1934 


ANDERSON and CLoKEy 1934 


ANDERSON and CLokeEy 1934 


ANDERSON and CLoKEy 1934 
ANDERSON and CLoKEy 1934 


ANDERSON and CLOKEY 1934 


ANDERSON and CLOKEY 1934 
BuRNHAM unpublished 
ANDERSON and CLOKEy 1934 


BuRNHAM 1934a 


ANDERSON and CLOKEY, 1934 
ANDERSON 1934 


Burnoam 1930, 1934c, McCurnrtocx 1930, 
1931a, CreicHTon and McCurmrockx 1931, 


BEADLE 1932a 


Brink and Cooper 1932c 
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DISTRIBUTION OF INTERCHANGES 


The interchanges following X-ray treatment reported by ANDERSON 
and CLoKEy (1934) and the ones reported in this paper form a fairly ran- 
dom sample of those which consistently form rings or chains at diakinesis. 
They may be used for comparing the frequency with which each chromo- 
some becomes involved in interchanges. These frequencies are summarized 
in table 2. Each chromosome is well represented. The frequencies are in 


TABLE 2 


Comparison of frequencies of interchanges after X-ray in the different chromosomes. 








CHROMOSOME ANDERSON STADLER TOTAL EXPECTED 
1 15 1 16 21.0 
2 15 3 18 17.1 
3 15 5 20 16.6 
4 13 3 16 16.1 
5 11 5 16 16.1 
6 10 2 12 13.1 
7 9 2 il 13.1 
8 9 2 11 12.9 
9 10 3 13 11.6 

10 13 2 15 9.5 





reasonably close proportion to the lengths of the different chromosomes. 
The probability of a deviation as great as that observed is about 0.7, show- 
ing a close fit. Most of the deviation is due to chromosome 1 being low and 
chromosome 10 being high. 


ISOLATION AND VIABILITY OF HOMOZYGOUS INTERCHANGES 


In order to obtain stocks homozygous for each of the interchanges, the 
method used by Brink and Burnuam (1929) has been followed. The 
heterozygous interchange (semisterile) plants are self-pollinated or crossed 
to other semisterile plants from the same source. One half of the progeny 
obtained are semisterile, the other half, normal. The normals are of two 
types, ordinary normals and homozygous interchanges. These are not dis- 
tinguishable in appearance but may be distinguished by outcrossing to 
known standard stocks. Each plant tested is also selfed or crossed to a re- 
lated semisterile. In practice it was found useful to cross to a semisterile 
in an outcross family in order to avoid too much inbreeding. 

Of the 64 interchanges reported in this paper 39 have already been ob- 
tained in homozygous condition as have also all but one of the 14 reported 
by ANDERSON and CLOKEY (1934). The balance are cases where tests have 
not yet been made, or only a few plants have been tested. All those ade- 
quately tested have been shown to be viable as homozygotes. This is in 
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marked contrast to the results obtained in Drosophila. In maize the 
elimination for chromosome unbalance is far more stringent in the haploid 
gametophyte generation than in the diploid sporophyte. This is shown by 
the failure of deficiencies from X-rays to be transmitted beyond the im- 
mediate generation in which they appear (STADLER 1931, McCiinTock 
1931b) and also by the early elimination of the duplicate-deficient spores 
from the semisteriles. The elimination is more severe in the male gameto- 
phyte than in the female as shown by the differential transmission of 
trisomic types in reciprocal crosses. It is anticipated that a small proportion 
of interchanges will be transmitted less freely through the male than 
through the female. A few of those listed have indicated such behavior but 
the data are not as yet sufficient. 

The interchanges thus far described in maize have been rather simple 
types, relatively free from complications and not involving more than two 
chromosomes. The contrast with Drosophila translocations is quite 
marked. This serves to emphasize the selective elimination in the gameto- 
phyte generation. Presumably the interchanges recovered in maize are 
only a small proportion of those which occur, an indefinite but large pro- 
portion beng weeded out by this selective elimination. 


SUMMARY 


Sixty-four additional chromosomal interchanges in maize are described. 
Evidence is presented to establish the chromosome constitution of each. 

A catalog list is given of the known chromosomal interchanges in maize. 

The relative frequency of interchanges following X-ray treatment is 
tabulated for the ten chromosomes. The distribution is approximately 
proportional to the relative lengths of the chromosomes. 

All the interchanges adequately tested are viable in homozygous con- 
dition, indicating that selection is more stringent in the haploid gameto- 
phyte than in the zygote. 


APPENDIX 


Sources of interchanges from X-ray treatment 


All of the interchanges from the writer’s treated material came from 
four lots of seed exposed 50 or 60 minutes 8 inches from the tungsten target 
of a Coolidge tube operated at 50 kilovolts and 5 milliamperes with a one- 
millimeter aluminum screen. Within each lot, the interchanges are listed 
in the order of planting of the original seed. In three cases two different 
interchanges were obtained from the progeny of a single plant. These are 
bracketed together. 
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Lot 1. Pedigree 5411-9 x 5409-11 


Sixty-minute treatment. 


94 (9-10) 


6452 (5-6) Aand C 1934 


101 (2-4) 
103 (1-7) 
11 (1-7) 


Fifty-minute treatment. 


42 (2-4) 
43 (1-9) 


16 (8-10) 
12 (1-3) 
25 (3-6) Cand A 1934 
58 (1-3) 


79 (4-9) 


Lot 2. Pedigree 5534-11 5547 —6 


Sixty-minute treatment. 


. (4-9) 
61 (4-10) 
14 (4-5) 
17 (2-7) 
62 (8-10) 
64 (1-10) 
66 (4-5) 
18 (3-10) 


Fifty-minute treatment. 


27 (3-7) 
28 (3-5) 
29 (1-2) 


19 (2-3) 
69 (2-7) 
20 (5-10) 
15 (3-10) 
35 (1-9) 
36 (4-6) 
70 (4-6) 


wm bo by 


80 ( 
30 (3 
31 ( 


Lot 3. Pedigree 5538-3 X 5543-5 


Sixty-minute treatment 
111 (6-8) 
37 (4-6) 
21 (5-8) 
73 (1-7) 
Fifty-minute treatment 
83 (8-9) 


74 (1-3) 
22 (8-10) 
136 (5-7) 


84 (8-10) 


Lot 4. Pedigree 5539-9 x 5433-21 


Sixty-minute treatment. 


{ 32 (1-5) 
118 (2-3) 

119 (6-9) 
38 (3-8) 
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23 (6-10) be (2-6) 
77 (1-9) 78 (2-8) 
75 (2-5) 26 (3-10) 
76 (2-9) 

Fifty-minute treatment. 
85 (4-10) 88 (2-4) 
87 (1-3) 90 (2-3) 
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INTRODUCTION 


It has been shown in the preceding papers (WRIGHT, 1934b, c) that the 
rather frequent occurrence of an atavistic little toe in guinea pigs depends 
on whether the combination effects of multiple genetic and environ- 
mental factors cross a certain threshold, and that perfect development de- 
pends on the crossing of a second threshold. Among the genetic differ- 
ences studied, none could be ascribed to unit factors of major importance. 
The environmental factors included ones which acted alike on all progeny 
of a mating, others which were merely common to litter-mates (notably age 
of mother), others which were individual in incidence, and finally ones 
which were responsible for development on one hind foot rather than the 
other. 

PENTADACTYLY IN THE GUINEA PIG 


The diversity of factors indicated above must be further increased by 
the conditions found among the descendants of a particular polydactylous 
animal which appeared in a normal stock. This animal @ 1816 (born in 
May 1928) had vestigial little toes, consisting of minute balls of flesh with 
small nails, attached by mere threads to the feet. In addition there was a 
similar vestige in the position of a left big toe and equally vestigial struc- 
tures in the position of thumbs on the fore feet. This was the first indica- 
tion of atavistic digits, other than little toes, encountered in this colony 
of guinea pigs. None had been noted in the large colony of the U. S. Bureau 
of Animal Industry, to which the Chicago colony traced exclusively, as far 
back as 1915. 

The thumb and big toe are in general much less common in guinea pigs 
than the little toe. DETLEFSEN (1914) described a sterile male, 1/8 blood 
Cavia rufescens, 7/8 blood guinea pig, as having 5 well-developed func- 
tional toes on the left fore foot and also on the left hind foot. He sug- 
gested that this may have been a reversion to the ancestral pentadactylous 
condition brought about by recombining factors. The anomaly never re- 
curred in his experiments nor in my own experience with later generations 
of the same hybrid stock. SrocKkarp (1930) in the course of extensive ex- 
periments with animals showing the little toe, found one with thumbs on 
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both fore feet but never found any with big toes. I have found no other 
record of these digits in guinea pigs in the literature. Since the birth of 7 
1816, however, an additional case of a thumb (associated with a little 
toe) has occurred in an animal unrelated to # 1816. This animal came from 
a stock (F) in which the little toe was common. Five of her 7 young showed 
little toes, but none showed the thumb nor has it reappeared among her 
numerous descendants of later generations. 


ANCESTRY OF ORIGINAL PENTADACTYL 


Male 1816 came from a somewhat inbred group. His sire (* 30899) 
mated with a full sister, both normal-toed, had produced 9 young, all nor- 
mal. Mated next with one of his daughters, 13 young, all normal, were pro- 
duced. Mated third with one of these young (daughter and granddaughter) 
he produced 17 young, one of which was o& 1816. One born in an earlier 
litter had vestigial little toes, 7 others born earlier were recorded as nor- 
mal and the remaining 8, born subsequently were all normal. The condition 
of the hind feet had been a matter of routine record, but that of the fore 
feet was recorded only after the birth of @ 1816 and so must be con- 
sidered somewhat uncertain in earlier animals. Two matings from the 
original pair produced 7 young, all normal. A mating of @ 30900 (full 
brother of @ 30899) to a female only remotely related but not known to 
inherit polydactyly of any sort, produced 8 normal young. Matings tracing 
exclusively to this pair produced 85 young, all normal. A mating between 
a son of o 30899 and a daughter of &@ 30900 produced only 19 normals. 
Altogether this group of matings, descended from two full brothers, a full 
sister and one other female produced 141 normals, excluding the mating 
which produced o& 1816, and his descendants. The partially dominant 
gene, which will be shown to be responsible for the new digits of the latter 
group probably traces to a mutation in the germ tract of the mother of 
o 1816. 

EVIDENCE FOR UNIT FACTORS 


Male 1816 was mated with two normal daughters of o 30900 one of 
which had already produced 14 normals, and the other 15 normals from 
matings with their sire. With & 1816, one produced 3 polydactyls: 4 nor- 
mals; the other 3 polydactyls: 11 normals. Five of these 6 polydactyls had 
thumbs. Clearly the presence of thumbs is transmitted in this case. The 
descendants of these two matings have been maintained for several gener- 
ations without outcross (strain I). Table 1 shows the total results through 
November 1933. In this table N stands for normal and P for polydactyl of 
any sort. About two-thirds of those in strain I had both thumb and little 
toe represented, the rest having only one or the other. 
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Normal Xnormal should produce only normals if polydactyly is domi- 
nant. Actually, there were 8 polydactyls among 118 young. However, 
these 8 polydactyls were not distributed at random among the progeny 
of the 8 normal males and 18 normal females which produced this group. 
Seven of them came from one male (himself from polydactyl Xpoly- 
dactyl) mated with two females (from normal Xnormal). These two mat- 
ings produced 7N:6P and 6N:1P respectively. The only other polydactyl 
from N XN came from a mating between brother and sister (from P XP). 
They produced 2N:1P. These 3 matings thus produced a total of 15N:8P, 
not significantly different from the ratio produced by matings N XP, sug- 


TABLE 1 
Results of all matings in strain I. 











NORMAL POLYDACTYL 
DAM SIRE para TOTAL 
9 e t @ F , (4ldigits) 
N N 51 59 _ 2 6 = — 118 
N P 58 51 1 29 39 —- — 178 
P N 5 8 oa 8 6 a — 27 
P P 39 30 _- 42 47 1 1 160 





gesting that they may belong in the same category genetically. The 
hypothesis of a dominant mutation, which usually produces polydactyly 
(ranging from 1 to 6 atavistic digits) but occasionally insufficient to cause 
crossing of the threshold from normality, is in harmony with the deficiency 
of polydactyls from NXP and the production of polydactyls by a few 
matings of NXN. 

To prove segregation of such a major factor, it is necessary to show im- 
portant differences between the progenies of normals and polydactyls of 
identical ancestry. Table 2 includes only those parents which came from 
matings of N XP. No distinction of sex is made since table 1 gives indica- 
tion of no relation to sex. 

TABLE 2 
Matings between animals from a single sort of mating, NXP. 








PARENTS N P MONSTEB TOTAL 
N(NP)XN(NP) 61 0 0 61 
N(NP) X P(NP) 44 23 0 67 
P(NP) XP(NP) 42 52 1 95 





Clearly most normals and polydactyls of strain I from the same parents 
are genetically very different. Compare this result with that described in 
the preceding paper (WricHT 1934c) for a cross between normal strain 2 
and the true breeding polydactyl strain D (little toes perfect, but no 
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thumbs or big toes). In this case F; was uniformly normal, F; showed a fair 
approach to a ratio of 3N:1P and the backcross of F; to strain D gave a 
fair approach to 1N:1P, all suggesting segregation of a single recessive 
factor for this polydactyly. Yet the breeding test of the normals and 
polydactyls from the backcross generation proved that they were scarcely 
distinguishable genetically. Mated with strain D, the normals gave only 
23 percent normals, while the polydactyls (supposedly recessive) gave 
16 percent normals. For this and other reasons, it was concluded that 
strains 2 and D differ by multiple factors, of which no one is of major im- 
portance. Conversely, it must be concluded that in strain I there is a single 
major factor, even though some overlap must be postulated. 


LETHAL EFFECT IN HOMOZYGOTES 


Table 3 shows the results of the matings, distinguishing the normals 
(N’) which were shown to transmit polydactyly from the others (N) and 
distinguishing polydactyls according as they came from matings NXP 
(including N XN’) or PXP. 


TABLE 3 


Tabulation of matings by source of polydactyl parents. 








PARENTS N P TOTAL PARENTS N P MONSTER TOTAL 
NXN 95 0 95 P(NP) XP(NP) a s&s . = 
NXP(NP) 80 47 127 P(NP) XP(PP) st £ 
NXN’(PP) s./ & 2 P(PP) XP(PP) 19 30 — 49 
NXP(PP) 43 35 78 





These matings include ones which were made in hope of obtaining homo- 
zygous polydactyls. There were 11 polydactyl males and 20 polydactyl fe- 
males from P XP which were tested. The results (including some duplica- 
tion because of matings P(PP) x P(PP)) were as follows. All but one of the 
males produced normals (53N:52P) and were thus probably heterozygous. 
The one exception was inadequately tested (2 young). Fifteen of the 20 
females had normal young (36N:39P) and the other 5 had only from 1 to 
3 young each (10 altogether). There is an indication here that homo- 
zygotes are not appearing in the proportions expected, if at all. 

The ratio of normals to polydactyls from matings between polydactyls 
(69N:90P) is obviously more easily accounted for as a deviation from a 
1:2 ratio than from a 1:3 ratio, that is, more easily on the hypothesis that 
the gene for polydactyly is lethal when homozygous. One of these matings 
produced a monster of unusual type. All of its legs were short and dis- 
torted. Each foot had from 8 to 11 webbed digits, a total of 39 (or 41 if al- 
lowance is made for two double nails). In addition, it had a protruding 
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brain and microphthalmia. We shall consider later evidence from cross- 
breeding experiments which indicate that this is the homozygous type, 
usually absorbed before birth, but occasionally reaching birth. 

The following table shows the sizes of litters produced by matings of 
various sorts (N XN’ included with N XP). 


TABLE 4 


Size of litter from different types of mating in strain I. 





SIZE OF LITTER 





PARENTS 





1 2 3 4 5 TOTAL AVERAGE 
NXN 6 15 9 8 —_ 38 2.50 
NXP 12 28 24 13 2 79 2.56 
PXN 2 3 5 1 —_ 11 2.45 
PXP 39 31 13 4 1 88 1.83 





The size of litter from P XP averages much less than from the other 
types of matings. The difference is clearly significant, being about 5 
times its standard error. As all come from the same somewhat inbred stock 
and were born during the same period in the same laboratory, the dif- 
ference gives strong evidence of antenatal depletion in those litters which 
might contain homozygotes. 


DESCRIPTION OF HETEROZYGOTES IN STRAIN I 


The symbol Px (“‘pollex’”’) has been assigned the dominant gene which 
distinguishes the polydactyls from the normals in strain I. As shown above, 
it is necessary to assume that some animals of constitution Pxpx are nor- 
mal phenotypically. The proportion of these may be estimated from the 
matings between polydactyls (all assumed to be Pxpx). As these produced 
69N:90P it is necessary to transfer 16N’s to the P group to give an exact 
1:2 ratio. This gives 15 percent (=16/106) as the estimate of the propor- 
tion of Pxpx which are phenotypically normal. Again the matings of 
NXP and NXN’ produced a total of 138N:90P. Treating these as all 
Pxpx X pxpx, it is necessary to transfer 24N’s to the P group to give an 
exact 1:1 ratio. This is more likely to be an underestimate than an over- 
estimate since some of these matings may be Pxpx X Pxpx and moreover 
additional NXN matings (with only N young to date) may really be 
Pxpx X pxpx. As it stands, it indicates 21 percent (=24/114) as the pro- 
portion of Pxpx phenotypically normal. Combining these two estimates 
we get 18 percent (=40/220) as the estimate. 

Table 5 shows the frequency of thumb on each forefoot and of little 
toes and big toes on each hind foot in animals considered to be Pxpx in this 
strain. This includes the 180 polydactyls descended from @ 1816 and 40 + 
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normals estimated as above. The symbol OO means absence on both left 
and right sides, TO presence on left side only, OT presence on right side 
only and TT presence on both sides. 


TABLE 5 


Frequency of atavistic digits in Pxpx of strain I. 





FEET WITH EXTRA DIGITS 








00 TO or TT ANIMALS 

NUMBER = PERCENT 
Thumb 58+ 18 7 137 220 299 68.0 
Little toe 83+ 13 9 115 220 252 $7.3 
Big toe 216+ 2 0 2 220 6 1.4 





The thumb is the most constant indicator of gene Px (73.6 percent of 
the animals, 68.0 percent of the forefeet). The little toe is nearly as char- 
acteristic (62.3 percent of the animals, 57.3 percent of the hind feet). The 
big toe is uncommon (1.8 percent of the animals, 1.4 percent of the hind 
feet). There appears to be a slightly greater tendency for left digits to re- 
turn than right ones. 

We have assumed that thumb, little toe and big toe are indicators of 
the same gene in spite of the fact that the little toe of this strain has exactly 
the same appearance as that found in many other strains in which it is 
certainly not an indicator of gene Px. But in strain I there is a strong cor- 
relation in occurrence with the thumb as indicated in the following table. 
The symbols for the feet in table 6 are written from left to right. On the 
hind feet the little toes are on the outside and the big toes on the inside. 


TABLE 6 


Correlation in occurrence of atavistic digits in animals of constitution Pxpx in strain I. 





HIND FEET 











00 00 TO 00 00 OT TO OT TT OT TT TT TOTAL 
Fore 0O 40+ 3 2 13 0 0 58+ 
TO 9 0 0 9 0 0 18 
Feet OT 3 0 1 3 0 0 7 
¥ > 31 10 6 86 2 137 
Total 83+ 13 9 111 2 220+ 





Little toes were present in only 18 animals lacking both thumbs and 
these all came from matings known to transmit Px. Thumbs were present 
in 43 animals lacking both little toes. The big toes have appeared only in 
the presence of both thumbs and both little toes. 
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The appearance of the atavistic digits is shown in figure 2 in comparison 
with normal feet shown in figure 1. 






Ficure 2.—Forefeet (above) and hind feet 
(below) of typical heterozygote (Pxpx). 
FicuRE 1.—Forefeet (above) and hind feet Note presence of well-developed thumbs 
(below) of normal guinea pig. Note absence and little toes, and of vestigial right 
of thumbs, little toes and big toes. big toe. 


All types of polydactyls in strain I transmit about the same heredity. 
Table 7 is a comparison of the results of matings with normals. 

No animals with little toes only happen to have been mated with nor- 
mals. The multiple-toed monster, interpreted as a homozygote (PxPx) 
came from a mating of a male with one very weak little toe as the only 
extra digit, and a female with thumbs but no extra toes on the hind feet. 
Apparently both types were Pxpx. 
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TABLE 7 
Progeny of Pxpx of various types, mated with normals. 














PARENTS OFFSPRING 
POLLEX 
Prpz prpr NORMAL = nai — HALLUX 
ONLY TOE ONLY LITTLE TOE 
LITTLE TOE 

Pollex, hallux, little toe Normal 19 2 2 6 0 
Pollex, little toe Normal 56 $ 3 19 2 
Pollex only Normal 48 16 3 24 0 
Normal Normal 15 3 0 5 0 
Total 138 26 8 54 2 





CROSSES BETWEEN STRAINS I AND D 


Both normals and polydactyls of strain I have been mated with strain 
D, which for years had bred true to perfect development of the little toes. 
The origin of the latter was described by CastLE (1906). As shown in the 
preceding paper (WriGHT 1934c) crosses between this strain and various 
normal strains have given results which indicate multiple factors, no domi- 
nance, no lethal effects. The animals used in the present experiments were 
not all pure-blood, ranging up from 7/8 blood and averaging about 15/16 
blood but all used had perfect little toes and came from parents of the 
same sort. 

It seemed possible at first that even normals of strain I might contain 
latent factors which would cause the pollex to appear on increasing the 
polydactylous tendency by mating with strain D. This, however, turned 
out not to be the case. Both reciprocal crosses of normals from I with 
polydactyls from D, produced polydactyls as well as normals but the poly- 
dactyly was limited to the little toes. Neither did any other type of poly- 
dactyly appear in F, from either type of F,; or in two successive back- 
crosses of F; to normals from I. Altogether 249 young were bred in this 
group of matings, none of which showed the pollex. This confirms the 
view that normality in strain I ordinarily depends on a recessive factor. 
It is, however, something of an accident that none of the normals used were 
concealed dominants (Pxpx). Table 8, matings 1 to 7 show the results 
classified by sex. Clearly there is no relation to sex. 

Matings of polydactyls from I with the polydactyls from D gave a very 
different result (matings 8, table 8). The pollex was present in 28 of the 58 
young. All of these showed little toes and two of them had the big toe on 
one or both sides. The remaining 30 were about equally divided between 
normals and animals with little toes. These 30 are much like the entire 
group from the matings of normal (I) Xpolydactyl (D). Evidently the 
results are in harmony with the hypothesis that the polydactyls of I are 
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Pxpx, if the pollex (but of in this case the little toe) be assumed to be an 
index for presence of Px in animals whose polydactyl tendency has been 
increased by infusion of 50 percent blood of strain D. It must be supposed 
that the factors peculiar to D increase the tendency toward development 
of the pollex (although it never appears in D), as well as of the little toe. 


TABLE 8 
Results of all matings between strains I and D and among the descendants. Parents classified by 
extra digits (M,= pollex, P;=hallux, P;=litile toe) and source. Young of undetermined 
sex in parentheses. 





POLLEX 
POLLEX LITTLE TOE MONSTER 
NORMAL _LITTLE TOE 
DAM SIRE LITTLETOE HALLUX ABOUT 
(x) (Ps) 
(MiPs) (MiPsP:) 40 piciTs 


¢ ¢ e A go > = . = 





la P; (strain D) N (strain I) 1 
1b N (strain I) P; (strain D) 13 9 20 19 














2 P; (from 1) P; (from 1) wu 6 8S 
3 N (from 1) P; (from 1) a 2 0 O 
4 N (from 1) N (from 1) 14 15 5 4 
5 P; (from 1) P; (from 2, 5) ae 9 il 
6a P; (from 1) N (strain I) re. a 3 
6b N (strain I) P; (from 1) 3 90 
7a P; (from 6a) N (strain I) Ww & 0 O 
7b N (strain I) P; (from 6a) : a 0 1 





8 P; (strain D) M;P;(strainI) 10 4 o FF 2. 0 2 











9 P; (from 8) P; (from 8) S$ 6 & Ss 
10 N (from 8) N (from 8) 4 1 3.4 
11 P; (from 9) P; (from 9) Oo ft 8 10 
12a MiP; (from8) PP; (strain D) eS 2 4 3 oe & > f 
12b P; (strain D) MiP; (from 8) ys s 2 2 2 0 0 
13a M:P; (from 8)  N (strain 1) i 0 0 0 0 1 0 0 
13b N (strain I) MP; (from 8) 1 0O 0 0 0 O 0 0 
14 M;P;(from8) M;,P; (from 8) a 9 8 18 18 a 2 2 
15 MiP; (from8) M,P;Pi(from8s) 0 0 x 4 0 O s % 0 0 
16 M;P; (misc.) MiP; (misc.) s < s ¢ & @ ;.« 1 (3) 
17 M;P;P; (misc.) MPs (misc.) oS te 2 1 4 S's 4 0 (2) 





The hypothesis of a definite gene Px was tested by matings between the 
different kinds of F,’s (from Pxpx X pxpx). Matings between normal F,’s 
produced 5 normals: 7 with little toes as the only extra digits (matings 
10, table 8). Matings between animals with perfect little toes but no other 
extra digits (matings 9, table 8) gave only a slightly different result, 9 
normals: 22 with little toes. On the other hand, F, from F,’s with pollex 
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as well as little toe (matings 14 and 15, table 8) gave 44 with pollex (and 
little toes, including 8 with hallux as well) in addition to 9 normals and 19 
with the little toes as the only extra digits. There were also 3 monsters of 
the same general type as described in strain I, interpreted as homozygotes. 
There is evidently a clear-cut genetic differentiation of F,’s with and with- 
out the pollex (in contrast with the lack of any clear-cut difference between 
those with and without little toe (in the group without pollex). Matings of 
“‘pollex”’ X “‘pollex” in later generations produced 21 without pollex (10 
normals, 11 with little toe) to 48 with pollex (of which 12 had one or both 
big toes), and 6 of the multiple-toed monsters. Altogether “‘pollex”’ X “‘pol- 
lex’”’ produced 49 without and 92 with this digit and 9 monsters in this 
group of crossbreds. This is in good agreement with the hypothesis that the 
pollex is a reliable indicator of Pxpx in the presence of the residual heredity 
of this cross. The 9 monsters are of course much in defect for PxPx but as 
will be seen there is reason to believe that most of these die early in de- 
velopment. Four of these 9 were in fact examined as foetuses. 

A further test is furnished by small backcross progenies (matings 12-13, 
table 8). Matings between F; with thumb and strain D gave 13 without to 
11 with thumb. More than half of the latter had big toes also. The tend- 
ency to develop pollex and hallux, far from being blended out, is evi- 
dently increased by backcrossing to strain D. 

The results of the whole set of matings from D XI are summarized in 
table 9 using pollex (M;) as the sole criterion for Pxpx among the offspring. 


TABLE 9 


Condensed summary of matings between I and D. 








prpz Prpz PrPz 
pxpxX pxpx 311 0 0 
PxpxX pxpx 45 40 0 
PxpxXPxpx 49 92 9 





OTHER OUTCROSSES 


A small number of matings have been made between “pollex” animals 
from F, of IXD and normals from a strain (A), which has never produced 
polydactyls of any sort. The young were 16 normals and 15 with thumbs 
(of which only 5 also had little toes). This is close enough to a 1:1 ratio but 
it is remarkable that 10 of the 15 called Pxpx are of a type which did not 
appear at all among 132 Pxpx of the preceding group of crossbreds (I XD). 
Evidently strain A is much farther from the threshold for little toe than 
are the normals of strain I although with more favorable residual heredity 
for the pollex. On backcrossing such animals with the thumb as the only 
extra digit to animals 7/8 blood D, there appeared 3 normals and 4 poly- 








94 SEWALL WRIGHT 


dactyls with both thumbs and little toes. The increased blood of D has here 
restored the tendency toward development of little toes. Incidentally, 
these animals are of interest as only 1/8 blood of strain I, giving further 
evidence that Px is a true unit factor, capable of withstanding indefinitely 
continued attempts at dilution. 

A mating of other “pollex” animals (tracing to IXD) to yet another 
wholly normal strain (B) gave 7 normals, 5 with little toes but no thumbs 
and 3 with thumb and little toes. This further illustrates the difference in 
the residual heredity of different normal stocks. 


THE HOMOZYGOTES 


In the course of these experiments 10 monsters have appeared which 
have been interpreted as homozygotes PxPx. Six of these, while found 
dead, were evidently alive up to birth. They were of approximately the 
same size as their litter-mates. The other four were small foetuses taken 
from females which had died. 

All of these monsters were of essentially the same peculiar type (figure 3): 
short legs, feet of approximately double the normal width, a large number 
of small similar digits, exhibiting externally little more than nails, hind legs 
rotated so that the soles are toward the belly, bulging forehead, with brain 
protruding in four cases, microphthalmia, nostrils connected with mouth 


_ (11, 12 
by symmetrical clefts (in seven cases). One had 44 nails (5) two had 


12, 
11, 9 rt. i 
; ff ao © : 
Ge *) (F: 9 ) In three, oneor more of thefeet had been partially 
a, oo 10, 10 
eaten when found (2S) (=) (2:40 * The other three were 


small foetuses, dead for some time, in which it could merely be determined 
that there were at least seven lobes on the limb buds. 

Post-mortem examinations were made of 6 pregnant “pollex” females 
which had been mated with “pollex” males. There were found 2 foetuses 
without thumbs (pxpx), 11 with thumbs (Pxpx) and the 4 monsters 
(PxPx) referred to above. The proportion of monsters is approximately 
that expected in contrast with the great deficiency in litters recorded at 
birth. The reason for such deficiency was apparent. One of the litters con- 
tained three heterozygotes nearly at term (average weight 40 grams) and 
two small foetuses which had evidently been dead for some time but 
which were obviously of the monstrous type. These measured only 10 and 
13 mm respectively in crown-rump length. Their placentas were about 10 
mm in diameter in contrast with 20-24 mm for the large foetuses. In an- 
other case there were three heterozygotes near term and a small monster 
(15 mm long) on a placenta less than half the diameter of those of the large 
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foetuses. In the third of the litters containing a monster, there were one 
normal, two with thumbs and little toes, and one monster (41 digits) much 





Ficure 3.—Forefeet (above) and hind feet (below) of homozygote (PxPx). Note shortness 
and rotation of hind legs as well as multiple digits. 


larger than those in the preceding litters. These foetuses were all of about 
the same size (11, 12, 10, 10 grams). 
It is probable that most of the homozygotes die at a critical moment 
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when they are 10-15 mm long, while the few which survive this moment 
grow at a normal rate to birth. 

Comparison with known types of mammalian monsters must await 
detailed anatomical study. 


VIGOR OF HETEROZYGOTES 


The contrast between the heterozygotes and homozygotes is great. The 
former are typically vigorous animals with no suggestion of malformation, 
seeming to differ from normals only in a more or less complete reversion to 
the pentadactyl foot. The latter are also polydactyls but of a type which 
one would consider unrelated if not due to the same factor. Their poly- 
dactyly appears to be merely a symptom of a generalized disturbance of de- 
velopment. It has seemed worth while to scrutinize the records of the 
heterozygotes for possible indications of abnormal tendencies. 

In strain I, four animals, one normal and three polydactyl, showed ven- 
tral flexion of one or both of the forefeet. One of these was reared and lived 
for severaly ears, siring many young. He always walked on the knuckles of 
his left forefoot. In the crossbred group, there were also four animals (all 
with thumbs) with ventral flexion of one or both forefeet and one animal 
(also with thumbs) with slight torsion of the hind feet. Two of these were 
raised. These types of defect are found sporadically in other stocks in 
which gene Px is absent. It is probable, however, that in these cases gene 
Px was a factor. 

One microphthalmic animal (other than the monsters) was born in the 
crossbred group. As this did not have thumbs it probably lacked gene Px. 
Microphthalmia occurs sporadically in most stocks of guinea pigs and 
probably had no special significance in this case. 

Two animals were born in the crossbred lot, each of which had a vestige 
of a sixth digit on the right forefoot near the base of the fifth digit. One 
of these had strong thumbs, little toes and big toes, 21 digits in all. The 
other had strong thumbs and little toes but no big toes. In these two 
heterozygotes, there was a tendency to go beyond the atavistic penta- 
dactyl foot but the character of the digits, apart from the sixth, was exactly 
like that of ordinary heterozygotes and not at all like that in the homo- 
zygotes. 

The mortality records have been tabulated to see whether the hetero- 
zygotes are as vigorous as normals. Tables 10 and 11 show the results in 
strain I and in the crosses with D, respectively. In strain I, the poly- 
dactyls show less mortality at birth than the normals, and only slightly 
more between birth and weaning. In the crossbred lot, the polydactyls 
show a considerably higher mortality at both times. 

In interpreting the significance of the differences it must be borne in 
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mind that there is a strong tendency for litter-mates to suffer the same 
fate. The standard errors based on individuals must be increased about 25 
percent on this account. Even so, pxpx appears to be definitely superior to 
Pxpx in prenatal mortality among the crossbreds. Perhaps Pxpx has no 
appreciable effect in strain I in which its action is not complicated by that 
of similar factors, but combination with the effects of the modifiers from 
strain D leads to definite injurious effects. 


TABLE 10 
Mortality percentages of normals and polydactyls from different types of matings in strain I. 

















NORMAL (LARGELY prpz) POLYDACTYLS (Prpz) 
PARENTS samen PERCENT PERCENT 

NUMBER Raisep or NCENT NUMBER nciepes Raisep op «= PERCENT 
BORN ALIVE RAISED BORN ALIVE RAISED 

BORN ALIVE BORN ALIVE 

NXN 88 85.2 88.0 75.0 _— — — 
NXP, (N’) 139 72.7 80.2 58.3 86 86.0 78.4 67.4 
PXP 68 79.4 81.5 64.7 90 86.7 78.2 67.8 
Total 295 78.0 83.0 64.7 176 86.4 78.3 67.6 
TABLE 11 


Mortality percentages of thumbless and thumbed young from different types of matings in the group o 
matings derived from crosses between strains I and D. 














NO THUMB (prpz) THUMB (Pzpz) 
PERCENT PERCENT 
PERCENT PERCENT 
PARENTS RAISED PERCENT RAISED PERCENT 
NUMBER BORN NUMBER BORN 
OFBORN RAISED OF BORN RAISED 
ALIVE ALIVE 
ALIVE ALIVE 
pxpx pxpx 2k 686.5 81.7 W.7 — — — _ 
pxpx Pxpx SS Si BG. BT 42 85.7 80.5 69.0 
Pxpx Pxpx @ 33.2 @5 R32 85 67.1 77.2 51.8 
Total we Si B22 25 igs 72 34 SS 





Another indication of physiological effect of Px was sought in the birth 
weights of animals born alive. The averages in four comparisons of Pxpx 
with pxpx from similar matings are shown below. The litter sizes were 
also averaged in order to apply corrections for the very important effect 
of litter size on birth weight. (It may be seen that individuals from Pxpx 
by Pxpx were born in larger litters than those from Pxpx by pxpx in the 
ID group, contrary to expectation if most homozygotes are absorbed be- 
fore birth. But this cross-breeding experiment is too heterogeneous in the 
breeding of the dams to make possible a fair comparison between groups 
of matings.) Corrections are based on an average regression coefficient of 
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—13.5 grams per unit increase in size of litter found by averaging the 
values from the 8 populations. 


TABLE 12 
Comparison of birth weights of normals and polydactyls in 4 groups of matings. 





arms oF MEAN CORRECTED 
STRAIN PARENTS TYPE NUMBER miso BIRTH BIRTH DIFFERENCE 
WEIGHT WEIGHT 














Normal 94 2.83 76.2 80.7 
Pxpx- pxpx Poly. 71 2.79 86.2 86.2 +5.5 
I 
Pxpx- Pxpx Normal 35 2.29 81.9 79.0 
Poly. 56 1.88 95.6 87.1 +8.1 
Pxpx: pxpx No thumb 42 2.31 96.4 93.8 
Thumb 27 2.48 98.2 98.0 +4.2 
ID 
Pxpx- Pxpx No thumb 38 2.79 83.7 87.6 
Thumb 44 3 84.7 93.0 +5.4 





The unexpected result is brought out that in all four comparisons of 
segregants, Pxpx is heavier than pxpx. The probability that the mean 
difference of the four paired comparisons (5.8 grams) can be due to ran- 
dom sampling is found to be .007 by Student’s table (t =6.8, 3 degrees of 
freedom). 

Another (but not independent) test of this matter was made by tabulat- 
ing the differences between pxpx and Pxpx in litters in which both oc- 
curred, averaging where more than one of a kind was found in a given 
litter. In strain I, the average of 62 differences was 4.7 with standard error 
of 1.4. In 39 litters of crossbreds, the average difference was 4.5+1.4. 
These include stillborn young. There is no important change in the result 
on limiting to litters containing only liveborn young. There seems to be no 
reasonable doubt that the heterozygotes have a slightly higher prenatal 
growth rate than normals. 

Tabulation of 30 day weights in strain I on the other hand give no clear 
indication of a difference. 

TABLE 13 
Comparison of weights at 30 days of normals and polydactyls of strain I. 








SIZE OF BIRTH WEIGET CORRECTED WEIGHT 
NUMBER 
LITTER WEIGHT at 30 pars aT 30 pars 
Normal 85 2.63 80.5 240.6 244.2 
Polydactyl 75 2.93 84.9 242.3 243.0 





Tabulations of adult weights also gave no indication of appreciable 
differences. The effect seems to be limited to prenatal growth. 
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MODIFIERS PRESENT IN STRAIN I 


In the preceding paper on polydactyly of the guinea pig, it was shown 
that the results of crosses among a number of inbred strains could be inter- 
preted by assigning each strain a certain position on a linear scale, relative 
to thresholds for any development and for perfect development of the 
little toe. A certain amount of variability (S.D.=.80) where 1.00 is the dis- 
tance between thresholds, had to be assigned even to completely homo- 
zygous strains, because of non-genetic factors. The position of the strains 
is shown in the upper part of figure 4. 

We may now attempt to assign the normals of strain I to this scale. 
There is no reason to believe that these normals ever reach the threshold 
for polydactyly. The following table shows the distribution of pxpx in- 
dividuals (thumb lacking) in F, and F, of crosses to strain D and of 2 
successive backcrosses of F; to strain I. 


TABLE 15 


Percentage of 3-toed, poor 4-toed and good 4-toed among pxpx animals (no thumbs) from animals 
tracing to crosses of strains I and D. 





PERCENTAGE 
TOTAL 


NUMBER 


PARENTS 

















3-TOE POOR 4-TOE a@oop 4-TOE 
F; Strain (I) Good 4-toe 37.9 28.1 34.0 103 
F, Good 4-toe (Fi) Good 4-toe (F;) 33.7 27.5 38.8 80 
3-toe (F:) 3-toe (Fi) 70.9 7.3 21.8 55 
Pxpx (Fi) Pxpx (Fi) 32.1 35.7 32.1 28 
Total F2 46.0 22.1 31.9 163 
BX Good 4-toe (F:) 3-toe (I) 66.7 20.8 12.5 24 
2BX Poor 4-toe (BX) 3-toe (I) 97.1 2.9 0 35 





There was something of a patroclinous tendency in the reciprocal crosses 
making up F; (not shown above) but not one that could be relied upon. 
There were indeed marked differences in the progenies of different I ani- 
mals which suggested genetic heterogeneity of strain I itself. This is con- 
firmed by the results in F; in which it is shown that F, individuals pro- 
duced decidedly different progenies depending on whether they were good 
4-toed or 3-toed. This was not the case in crosses previously described be- 
tween strains D and 13, the latter of which was much more closely inbred 
than strain I. Moreover, the variability of F; is much greater than that 
found for genetically homogeneous stocks. Its standard deviation, assum- 
ing a normal distribution, cut by the two thresholds, comes out 1.39 (on a 
scale on which the thresholds are a unit distance apart, in contrast with 
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.75 for the inbred family 35. The mean on this scale is at 0.43 above the 
lower threshold, which is considerably higher than the value (—.56) for 
F, from 13 XD. This indicates a location of I closer to the threshold than 
that of strain 13. No great accuracy is possible, however, because of the 
genetic heterogeneity clearly present in I. The F; population came from 17 
animals of strain I which were not necessarily a good sample. 

The total F; shows a variability (S.D. = 1.76) considerably greater than 
that of Fi, as expected. Its mean at +.18 differs but little from that of 
F,. The results of the backcrosses of F; to strain I show that the type of 
polydactyly derived from D must depend on multiple factors. The poly- 
dactyl tendency is rapidly bred out in spite of selection. This agrees with 
the results of all other crosses of strain D with 3-toed stocks. 

As the present experiments also involve the 3-toed strain A it will be 
well to locate it on the same scale. This somewhat inbred strain (main- 
tained for about 10 years on a small scale as dominant in most known fac- 
tors) has been mated with strain D. The results in F, and a backcross to 
D were as follows: 

TABLE 15 


Results of crosses of strain A with D, 





PERCENTAGE 








PARENTS TOTAL NUMBER 
3-TOE POOR 4 TOE Goop 4-ToR 
F; 3-toe (A) X 4-toe (D) 89.0 11.0 0 82 
BX 3-toe (F:) X4-toe (D) 44.6 35.4 20.0 359 





Clearly strain A is farther from the threshold for polydactyly than I or 
even 13, but not as far below as strain 2 which produced no polydactyls 
among 146 F,’s from the cross with D. The backcross results are, however, 
rather close to those obtained from (2X D) XD. 

Estimate of the locations of the normals of strain I, and of F,(IXD) 
and of the two successive backcrosses to I are shown below in figure 4, 
in the middle line. Strain A is inserted in its position on the top line of this 
figure. 

GENE PX AS A MODIFIER OF THE LITTLE TOE 


So far we have attempted to locate on this scale only animals of con- 
stitution pxpx. But gene Px may be treated as one of the group which tend 
to restore the little toe. Using 18 percent as the estimate of the percentage 
of Pxpx which are wholly normal in strain I, there were 37.7 percent 3- 
toed on the hind feet, 50 percent poor 4-toed and 12.3 percent good 4- 
toed. Calculation gives a mean of +.22 (above the lower threshold) and 
a standard deviation of 0.69. This is slightly less even than the value 
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(0.75) found for the inbred strain 35, derived from one mating in the 
22nd generation of brother-sister mating. But we have already seen that 
strain I is undoubtedly heterozygous in the minor factors for develop- 
ment of the little toe. Theoretically its standard deviation should be 
greater than that of F\(IXD) that is, greater than 1.39. Yet it is signifi- 
cantly smaller. However, it is certain that the effects of gene Px cannot 


Poor Good 
3-Toe 4--toe 4-toe 
2-A 13 35 D 
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Figure 4.—Top line: Estimated distribution of factor complexes in 5 inbred strains of guinea 
pigs relative to thresholds for any and for perfect development of little toe. These estimates (ex- 
cept in the case of strain 35) are based on the proportions of 3-toed, poor 4-toed and good 4-toed 
in crosses. 

Middle line: Estimated distribution of pxpx from strain I, based on that of F; (ID) and of two 
successive backcrosses of the latter to I. The position of Pxpx from I is shown in broken lines. Its 
small scatter is inconsistent with the wide scatter assigned I (pxpx) unless the thresholds are far- 
ther apart at the time of gene effect in this case (as illustrated on the bottom line). 


be compared in all respects with those of the multiple factors from strains 
35 and D. In the latter strains there is no recognizable tendency toward 
development of pollex and hallux, even with perfect development of the 
little toe. It is possible that the separation of the thresholds is greater in 
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the process affected by Px than that by the multiple factors. If this is 
the case, we are using a variable yard stick, in using the separation of the 
thresholds as the unit and the low variability of Pxpx from I may be only 
apparent. This idea is expressed in the two representations of Pxpx from 
I on the middle and bottom lines respectively of figure 4. 

The processes affected by Px and by the multiple factors of D are 
nevertheless closely related since the latter also have effects in Pxpx, not 
only on the little toe but also on the pollex and hallux. The distribution 
of the digits in Pxpx from various sources is compared in tables 16 to 19. 
With the exception of two animals in pure I (and the foundation male 
No. 1816) the hallux has been found only with perfect development of 
both little toes. ‘‘Good”’ in the case of hallux means a full-sized, firmly 
attached, big toe on both hind feet. The criterion was somewhat less 
rigorous in the case of the pollex. It is assumed that none of the thumbless 
animals in groups other than pure I are Pxpx. There may be occasional 
exceptions. 

Comparison of these distributions makes it apparent that strains D 
and A contain modifiers which affect the development of the thumb 
similarly in Pxpx but modifiers which act in opposite directions on the 
digits of the hind foot in Pxpx. Figure 5 is an attempt to represent the 
relations between these stocks on a 2-dimensional scheme. The thresholds 
for the lost digits are represented by curved lines, those for thumb and 
little toe intersecting. The thresholds for perfect development are indi- 
cated by broken lines approximately parallel to the thresholds for any 
development. Thresholds for the abnormalities of PxPx are represented 
below. The relations of these are, of course, quite uncertain. The strains 
are represented by circles intended to represent approximately the ranges 
within which the abnormal developmental processes are likely to fall. It 
will be seen that the lines can be arranged so that the modifiers have the 
same effects in Pxpx as in pxpx. 


POLYDACTYLY AND OTOCEPHALY 


It is interesting to compare the genetics of polydactyly with that of 
otocephaly of the guinea pig (WRIGHT and Eaton 1923, Wricut 1934a). 
At first sight, these appear to be variations of utterly different character. 
Ordinary polydactyly involves morphological variations of a type which 
gives no appearance of abnormality to the animals and seems to be a 
mere reversal of an evolutionary trend. Otocephaly is an extreme type of 
monstrosity with defective mandible (agnathia) in the least defective 
grades, cyclopic eye in higher grades and loss of nearly the entire head 
(aprosopus) in extreme cases. Yet one of the factors of polydactyly, when 
homozygous, also produces a monstrosity. In both cases, it is clear that 
















































































MUTATION IN THE GUINEA PIG 
TABLE 16 
Occurrence of atavistic digits in 220 Prpx from strain I. 
DIGITS OF HIND FEET 
LITTLE TOE HALLUX (LITTLE TOE GOOD) TOTAL 
0 
POOR GooD POOR G@ooD 
0 18.2 id 0.9 0 0 26.4 
Thumbs Poor 13.6 21.8 5.5 0.5 0 41.4 
Good 5.9 20.0 5.0 1.4* 0 32.3 
Total Sd 49.1 11.4 1.9 0 100.1 
* Includes 2 animals (0.9 percent) in which little toes were poor. 
TABLE 17 
Occurrence of atavistic digits in 120 Pxpx from Fi, Fz and F; (IXD). 
DIGITS OF HIND FEET 
LITTLE TOE HALLUX (LITTLE TOE GOOD) TOTAL 
0 
POOR GooD POOR @ooD 
0 0 0 0 0 0 0 
Thumbs Poor 0 5.0 23.3 0.8 0 29.2 
Good 0 9.2 44.2* 10.0 15 70.8 
Total 0 14.2 67.5 10.8 7.5 100.0 
* Includes one with vestigial 6th digit on right hand. 
TABLE 18 
Occurrence of atavistic digits in 11 Pxpx from (1XD)XD. 
DIGITS OF HIND FEET 
LITTLE TOE HALLUX (LITTLE TOE @oop) TOTAL 
0 
POOR G@ooD POOR @ooD 
0 0 0 0 0 0 0 
Thumbs Poor 0 0 18.2 18.2 0 36.4 
Good 0 0 2.3 9.1 27 .3* 63.6 
Total 0 0 45.4 27.3 aso 100.0 
* Includes one with vestigial 6th digit on right hand. 
TABLE 19 
Occurrence of atavistic digits in 15 Pxpx from (IXD)XA. 
EXTRA DIGITS OF HIND FEET 
LITTLE TOE HALLUX (LITTLETOR GOOD) TOTAL 
0 
POOR @ooD POOR @ooD 
0 0 0 0 0 
Thumbs Poor 33.3 0 0 
0 
0 
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thresholds are involved. In both cases, the genetic results require the 
assumption of multiple factors, but in each case one factor of relatively 
great importance has been isolated. In both cases, moreover, a consider- 
able role is played by non-genetic factors. 

















FicurE 5.—Diagram representing the range of maximum effect (circles) of various gene 
complexes, relative to thresholds for the indicated abnormalities. The horizontal axis may be 
considered to represent time in development while depression below the top line represents degree 
of inhibitory process. 


There are certain differences. In the case of polydactyly the non-genetic 
factors are largely common to litter-mates, which is definitely not the 
case with otocephaly. In the case of polydactyly, the gene Px produces 
sufficiently great effects to yield good Mendelian ratios under certain 
conditions, while the most important gene found affecting otocephaly 
(Ot2) merely changes the percentage incidence from 5 percent to 23 per- 
cent. 

It has long been known that otocephaly can be induced artificially by 
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a great variety of agents. CurLp (1911) suggested that this type of monster 
depends on a general inhibition to which the most active region of the 
primary metabolic gradient is most susceptible. Srockarp (1921) accepted 
this general viewpoint and stressed the moment of incidence of inhibition 
as the factor determining the specific type of monster. In accordance with 
this theory, it was suggested (WrRicHT and Eaton 1923) that the pertinent 
genes in the case of otocephaly of the guinea pig act in a fashion similar 
to environmental inhibiting agents—the specificity of their effects de- 
pending on the moment of development at which these came into play 
throughout the body. Specifically it was shown then, and in more detail 
later, (WRIGHT and WAGNER 1934) that all of the diverse manifestations 
could be traced to inhibitions of the anterior medullary plate, previously 
recognized by CHILD as corresponding to the most active and susceptible 
region of the primary gradient. (According to the work of SPEMANN, this 
is secondary to the underlying mesoderm or “organizer” and the results 
of MANGOLD and of ADELMANN [1934] indicate that in cyclopia the pri- 
mary inhibition may be here. This, however, does not essentially alter 
the type of interpretation.) It was suggested that a large part of gene 
action on normal morphological variation may be of this sort, non-specific, 
except in the time and place at which it is called into play. It seems likely 
this type of interpretation can be put on the factors, genetic and non- 
genetic, affecting the number of digits of the guinea pig. 

At first sight, it may seem most probable that in such a stock as D, 
we are concerned merely with the fixation under selection of a combination 
of ancient genes which had become nearly but not completely lost in the 
course of evolution. This becomes less probable on recalling that this 
evolutionary history has been common to all genera of the family Caviidae. 
Presumably the cavies lost their thumbs, big toes and little toes millions 
of years ago. In any event, it is highly improbable that Px, producing a 
gross monstrosity when homozygous, can be an ancestral gene. 

The evolutionary process quite certainly did not consist in the dropping 
out of genes specifically determining the above digits. The basic heredity 
for perfect development of all of them is probably latent in all guinea pigs 
and other cavies. On present views, this heredity would be expected to be 
so involved in the development of the feet in general and indeed of the 
body as a whole that its dropping out would be incompatible with life. 
It is more likely that in the course of evolution this heredity has merely 
become overlaid by new heredity suppressing these particular parts of the 
feet. While some of the genes fixed in strain D may be the ancient alleles 
of such suppressors, they may also be new ones with general inhibitory 
effects acting at such a moment that they tend to suppress the effect of 
the digit suppressors and thus to restore the ancestral pentadactyl foot. 
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The effects of unfavorable environmental factors, such as immaturity of 
the mother, and conditions in winter and spring, in restoring the little 
toe(in stra in 35, WricHT 1934b) fit into this conception. With factor Px 
there is the complication that general growth rate seems actually to be 
stimulated in the heterozygote, along with the restoration of the lost 
digits but in the homozygote the effect seems clearly that of a general 
inhibition at such a moment that the limb buds and optic vesicles, maxil- 
lary processes and other parts of the head are affected injuriously. On 
this view the two dimensions of figure 5 may be interpreted as corre- 
sponding to time in development and degree of inhibition respectively. 
A somewhat similar 2-dimensional scheme was found to make possible a 
classification of the various types of head abnormality allied to otocephaly. 
The present scheme is, of course, assumed to apply at a later period of 
development. 


SUMMARY 


Guinea pigs (like all wild Caviids) normally have 4 toes on the front 
feet and 3 on the hind feet. Atavistic little toes are, however, rather com- 
mon and stocks have been developed which breed true to their perfect 
development. These differ from normals by multiple factors. Atavistic 
thumbs have previously been recorded, to my knowledge, in only two 
animals, one of which had in addition, the only previously recorded big 
toe. 

A guinea pig with vestiges of atavistic little toes, thumbs and one big 
toe, appeared in a normal stock (I). Breeding experiments within this 
stock indicated a semidominant mutation (Px). Among heterozygotes, 
54 percent had both thumb and little toe represented (on one or both sides). 
These include 2 percent which also had one or both big toes. Twenty per- 
cent had thumbs but not little toes, 8 percent had little toes but not 
thumbs and about 18 percent were normal. 

Crosses with a stock (D) characterized by well-developed little toes 
(due to multiple minor factors instead of Px) brought practically 100 
percent representation of little toes and thumbs in the heterozygotes 
(Pxpx) and increased the incidence of big toes to 18 percent in the half- 
bloods and 55 percent in three-quarter-bloods. Crosses with a certain nor- 
mal stock (A) increased the tendency to development of the thumb but 
reduced that of little and big toes. A 2-dimensional scheme is necessary 
to represent the effects of modifiers from different sources. 

The heterozygotes are slightly heavier (about 7 percent) than the nor- 
mals born in the same litters but have some tendency to ventral flexion 
of the feet. 

The homozygotes usually die at an early stage of development. Those 
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which reach birth die immediately thereafter. The legs are short, the soles 
of the hind feet face the belly. All of the feet are of about double the normal 
width and have from 7 to 12 short undifferentiated digits each. There is 
always a bulging forehead, with occasionally protruding brain. All are 
microphthalmic. In several the nostrils have been connected with the 
mouth by clefts. The same gene which restores atavistic digits in hetero- 
zygotes produces a generalized monstrosity in homozygotes. 

A comparison is made between the genetic situations back of polydac- 
tyly and otocephaly. 
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